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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U.S. Atomic Energy Commission. Its purpose 
is to assist interested organizations in the task of keeping abreast of new results in 
reactor technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports 
that are judged noteworthy in the fields of power-reactor research and development, 
power-reactor applications, design practice, and operating experience. It is not meani 
to be a comprehensive abstract of all material published during the quarter, nor is it 
meant to be a treatise on any part of the subject. However, related reports from dif- 
ferent sources are often treated together to yield reviews having some breadth of 
scope, and background material may be added to place recent developments in per- 
spective. Occasionally the reviews are written by guest authors. Reviews having un- 
usual breadth or significance are placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Re- 
views, the overlaps will be motivated by this objective of viewing current progress 
through the eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary 
to define the significance of reported work. Any such appraisal or interpretation repre- 
sents only the opinion of the reviewer and (in the usual case, when the review is written 
by General Nuclear Engineering Corporation staff) the Editor. When the review is pre- 
dominantly interpretive, the reviewer is named; unless identified as a guest author, he 
is a member of the General Nuclear Engineering Corporation staff. Readers are urged 
to consult the original references to obtain all the background of the work reported and 
to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary ma- 
terial. The fixed subject headings listed below have been adopted in the hope of main- 
taining some continuity and order in the material from one issue to another: all re- 
views except Feature Articles will be arranged under these headings. A particular issue 
will not necessarily contain all the headings but only those under which material is re- 
viewed, 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 
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Fuel Elements Specific Reactor Types 
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Fig. II-9 Test section thermocouple locations. 
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Fig. I-10 Experimental boiling-burnout data.'® 
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Fig. II-11 Test-section temperatures during a typi- 


cal upstream burnout run,'6 
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Fig. II-12 Magnitude of temperature excursions dur- 


ing a downstream boiling burnout.'® 


Note: In Power Reaclor Technology, 6(4): 61, these figures were printed in the 
wrong order. The correct order is shown here. 
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Power Reactor Technology 





Solid-Fuel Gasification 


A study of the economic feasibility of using 
nuclear energy to convert coal to synthesis gas 
for the manufacture of ammonia, methanol, 
synthetic pipeline gas, and liquid fuels is re- 
ported in Ref, 1. The analysis does not con- 
sider reactor design but proceeds on the as- 
sumption that the nuclear heat is supplied in 
the form of hot, nonradioactive helium at a 
pressure of about 435 psig and at temperatures 
in the 2000 to 2500°F range. The heat con- 
sumptions in the installations considered are 
in the range of 250 to 400 Mw(t). Two plants 
were evaluated; one produced 90 million stand- 


Gasifier 


Helium from 
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Programs 


ard cubic feet per day of 930 Btu/lb pipeline 
gas, and the other produced a variety of fuels 
and chemicals. The investments in the chemical 
plants considered (exclusive of the nuclear 
power source) range from $45 million to 
$133 million; therefore the nuclear plant does 
not represent the major portion of the total 
investment. 

At present coal gasification, although techni- 
cally feasible, has not been put into com- 
mercial practice in the United States because 
of cost disadvantages compared to processes 
utilizing naphtha or natural gas as sources of 
synthesis gas. A major contributor to the high 
cost of coal gasification using conventional 
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Fig. I-1 


Schematic flow diagram of gasification section. 
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fuels has been the cost of oxygen. The reac- 
tion that takes place when coal is gasified is 
endothermic, and the oxygen is used to burn a 
portion of the coal to produce the necessary 
heat. Air cannot be used because the nitrogen 
thus introduced would end up as a major im- 
purity in the product synthesis gas. The use of 
a nuclear reactor as a source of heat over- 
comes the problem of dilution of the product 
gas by nitrogen and by the CO, that is also 
produced by the combustion of coal. A sche- 
matic of the process is shown in Fig. I-1. 

The results of the study with respect to the 
cost of pipeline gas are shown in Table I-1. 
The selling prices of pipeline gas that is pro- 
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tional fuel and nuclear heat are compared in 
Table I-2. 

Although the use of nuclear heat offers sub- 
stantial cost advantages compared to processes 
using O,, the range of $1.32 to $1.51 still is 
about a factor of 2 higher than natural-gas 
prices in the eastern portion of the United 
States.! 

The lignite processing plant was assumed to 
be in North Dakota, whereas the bituminous 
coal processing plant was assumed to be in 
West Virginia. The reference concludes that 
the manufacture of pipeline gas with the use of 
nuclear heat should be studied further if a 
market could be developed for pipeline gas in 


duced from coal gasification by both conven- North Dakota, since the present market is 


Table I-1 EFFECT OF RAW MATERIAL COST, COST OF 
NUCLEAR HEAT, AND GROSS RETURN ON INVESTMENT 
ON THE SELLING PRICE OF PIPELINE GAS! 





Selling price of pipeline gas, $/thousand standard cu ft 





Cost of 








~ Lignite Bituminous coal 
nucleat heat, fee ee ee ok —_ en a A ee 
$/million Btu $1.50/ton $2.00/ton $2.50/ton $4.00 /ton $5.00 /ton $6.00/ton 
Gross Return = 12% 
0.50 0.71 0.75 0.79 1.08 1.13 1.18 
0.80 0.78 0.82 0.86 1.19 1.24 1.29 
Gross Return = 20% 
0.50 0.83 0.87 0.91 1.27 1.32 1.37 
0.80 0.90 0.94 0.98 1.38 1.43 1.48 
Gross Return = 30% 
0.50 0.98 1.02 1.06 1.51 1.56 1.61 
0.80 1.05 1.09 1.13 1.62 1.67 1.72 





Table I-2 COMPARISON OF PRICES OF PIPELINE GAS 
PREPARED BY VARIOUS PROCESSES! 





Gas selling price at 20% 
gross return, 90% stream 
efficiency, $5/ton coal, 
$/thousand standard 
Process cu ft 


Source of 
information 





Present study Fluid-bed gasification, nuclear 


heat at 
$0.50/million Btu 1.32 
$0.80/million Btu 1.43 
$1.00/million Btu 1.51 
Kellogg* Lurgi steam-oxygen gasification 1.70 
Suspension gasification with 
steam and oxygen 1.49 


Bureau of Mines? 


Suspension gasification with 
steam and oxygen 1.55 
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Fig. I-2 Permissible cost of heat to yield same pipe- 
line gas selling price as 2500°F helium at $0.50 per 
million Btu. Cost of heat includes operating cost of 
reactor plant, return on investment (20%), and special 
costs associated with nuclear operation. 


limited. It is significant that the effect of the 
helium temperature is an important one (Fig. 
I-2). The helium temperature for gasifying 
bituminous coal! should be at least 2500°F, 
whereas the temperature requirement for gasi- 
fying lignite probably would be somewhat lower. 

The manufacturing complex for producing a 
mixture of products consisting of gasoline, 
ammonia, methanol, hydrogen, and other chemi- 
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cals from synthesis gas produced with nuclear 
heat looked unattractive economically. How- 
ever, the economics of the ammonia and metha- 
nol components of the complex appeared quite 
favorable, and the reference suggests that 
plants producing these products alone would be 
fruitful areas for further study. The reference 
concludes with a general comment on this rela- 
tion: 


It appears that the best applications for nuclear 
heat will be found in trying to improve an existing 
commercial process, not in trying to make a cur- 
rently uneconomic process look attractive. For 
example, gasoline and pipeline gas are not produced 
from synthesis gas in the United States today, and 
the advent of cheap nuclear heat will not change the 
picture significantly. On the other hand, ammonia 
and methanol are manufactured from synthesis gas 
on a commercial scale, and the use of nuclear heat 
may furnish a significant cost advantage, whether 
the raw material used to make the synthesis gas be 
coal, oil, or natural gas. This would seem to bea 
fruitful area for further study. 
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Power Reactor Technology 





Critical and Exponential 
Experiments 


A recent paper by Kaplan! gives a review of the 
use of subcritical and critical assemblies for 
the measurement of reactor parameters. It con- 
siders the various methods employing such as- 
semblies from the points of view of their con- 
sistency with one another and of their accuracy 
and usefulness in measuring the basic charac- 
teristics of chain-reacting lattices for use in 
practical reactors. In addition to the conven- 
tional critical and exponential assemblies, the 
review considers three related methods that can 
utilize much smaller samples of the experimen- 
tal lattice. These methods are the following: 

1. Substitution, or two-region, critical ex- 
periments. In these experiments the critical 
buckling is first measured in a reference lat- 
tice; thereafter a central portion of the refer- 
ence lattice is replaced by the experimental 
lattice, and the buckling of the experimental lat- 
tice is evaluated from the change in critical 
buckling produced by the substitution. This 
method has been applied extensively to heavy- 
water lattices at the Savannah River Labora- 
tory, and it is particularly convenient when 
liquid moderators are used so that the change 
in buckling can be evaluated by the change in 
critical moderator level. 

2. The flat-region technique, which has been 
used at Hanford in the Physical Constants Test- 
ing Reactor (PCTR). In this system a refer- 
ence assembly is first made critical with an 
empty cavity at its center. The cavity is then 
filled with the experimental lattice, and some 
parameter of the experimental lattice is varied 
uniformly over its volume until the entire as- 
sembly is again critical. At this point the gross 
neutron-flux distribution in the experimental 
lattice is flat (as it was in the empty cavity), 





and the infinite multiplication factor (k.) for 
the experimental lattice is unity. Usually the 
adjustable parameter is an absorbing poison 
with an absorption cross section that varies 
with energy in a way that is easily handled by 
computation.* 

3. The miniature-lattice technique. This 
method utilizes a suitable neutron source, usu- 
ally a reactor, to irradiate a small assembly of 
the experimental lattice. No attempt is made to 
determine reactivity or buckling, but the basic 
lattice parameters such as thermal utilization 
and resonance escape probability are measured 
at points near the center of the assembly. 


It is quite evident that a primary concern in 
any of the small-lattice techniques must be to 
assure that the quantity measured is charac- 
teristic of the neutron spectrum in the experi- 
mental lattice and is independent of the spec- 
trum of the lattice that feeds neutrons to the 
experiment. Basically this involves the use of 
buffer regions between the two lattices, but the 
manner in which this technique is applied varies 
with the general method of the experiment and 
with the quantities being measured. 

The reference! examines the mutual consist- 
ency of the results that have been obtained in the 
past by the several methods involving critical 
or subcritical lattices, with the comparison 
being organized about the several lattice types 
that have been subjects of extensive measure- 
ment programs: graphite-moderated, heavy- 
water-moderated, and light-water-moderated 
lattices. The review emphasizes the limitations 
of integral experiment techniques for investi- 





*Recent investigations of this technique, for lat- 
tices having important fractions of epithermal fis- 
sions, have been carried out at the Babcock & Wilcox 
laboratory and are reviewed here in later paragraphs 
(see Fig. II-1). 





Winter 1963-1964 


gating the practical situations such as tempera- 
ture, voiding, and fission-product poisoning, 
which occur in practical reactors. However, it 
necessarily confines its attention to the proper- 
ties of more or less uniform lattices, since it 
is only in this area that extensive experimental 
information exists. Often the reactor designer 
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Solution Assemblies 


Power Reactor Technology, 6(1), contains a 
description of the Hanford 14-in.-diameter 
stainless-steel spherical critical assembly and 
of the experimental technique used there in 
measuring the worth of various solid reflector 
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finds that the major concern is not so much 
with the basic lattice parameters as with the 
complexity introduced by such local perturba- 
tions as water channels and control rods, the 
complex power distributions resulting from 
control-rod installations, temperature and void 
distributions, and burnup distributions. These 
questions are sometimes investigated by means 
of critical experiments of the mockup type. A 
recent experimental program of this type for a 
rather complex reactor, the Boiling Nuclear 
Superheat Reactor (BONUS) is described in 
Ref. 2. 


materials on critical plutonium nitrate solu- 
tions. The measurements covered a range of 
plutonium concentrations and acid moiarities. 
In a continuation of this program, critical 
masses were determined’ as functions of plu- 
tonium concentrations (33.5 to 70.4 g/liter) and 
acid molarities (~2.0 to 6.7) when the sphere 
was reflected by water and when the sphere was 
wrapped with a 0.030-in. layer of cadmium and 
water reflected. In addition, critical mass data 
were obtained for various thicknesses of the 
spherical stainless-steel wall to permit an 
evaluation of wall effects. The following conclu- 
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sion is drawn by the authors. Results obtained 
with the cadmium-wrapped vessel are of par- 
ticular interest in nuclear safety applications 
where flooding is a possibility since, under the 
concentration range covered by the experiments, 
the data show that a vessel wrapped with cad- 
mium would be only nominally reflected (re- 
flector equivalent to 1 in. or less of water). The 
safe dimension could then be based on the con- 
dition of a nominal reflector, rather than on the 
more restrictive fully reflected condition with 
its consequent smaller size. After corrections 
are made for solution volumes and Pu”? con- 
centrations, very good agreement is obtained 
between the present data and data obtained by 
Kruesi et al.‘ in the Hanford P-11 program. 

Criticality measurements on plutonium nitrate 
solutions contained in an 11.5-in.-diameter 
stainless-steel sphere with water reflector are 
reported in Ref. 5. Plutonium concentrations 
ranged from 51 to 431 g of plutonium per liter. 
The plutonium contained 4.6 wt.% Pu?*°, Criti- 
cality of the system was studied as a function 
of nitrate concentration. The results, which 
consisted of four criticality determinations, in- 
dicated a double value (about 150 and 295 g/liter) 
for the critical plutonium concentration at a ni- 
trate concentration of 303 g/liter. All plutonium 
concentrations between these two values would 
be supercritical at the specified nitrate con- 
tent. This behavior illustrates the sensitivity of 
the critical mass to neutron-spectrum effects 
in high-concentration high-leakage plutonium 
solutions, where the critical value of the ther- 
mal utilization is near unity. Analysis of the 
results indicated that the critical plutonium 
concentration for zero nitrate content (95.4% 
Pu2*, 4.6% Pu) would be 65.0 + 5.0 g/liter for 
the water-reflected 11.5-in. sphere and 28.3 + 
0.7 g/liter for the water-reflected 14-in. sphere 
discussed above. 

Pulsed neutron-source experiments also were 
performed along with the critical-mass meas- 
urements. The multiplication factor was deter- 
mined as a function of plutonium concentration 
and solution volume in the sphere. One of the 
purposes of these experiments was to examine 
the feasibility of the pulsed-source technique 
for kes measurements on in-plant equipment; it 
is stated: “Whether k.;; measurements can be 
made on process vessels (which are well sub- 
critical and located in fixed plant areas) with 
sufficient accuracy to establish nuclear safety 
limits remains to be demonstrated.” 
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A series of calculations of the critical config- 
urations were performed, using the GAM-I code 
for fast group parameters and the TEMPEST 
code for thermal constants. These calculations 
give kes to about 0.6%. 

Measurements were carried out at the PCTR 
on the limiting critical concentrations of a 
and Pu? in aqueous solutions [Power Reactor 
Technology, 6(1)|; the measured values were 
12.944 0.03 g of uranium per liter and 8.44 
1.0 g of Pu?’ per liter, respectively. The rela- 
tively large uncertainty in the Pu?*® value was 
the result of uncertainties in the corrections 
for the worth of the stainless-steel containers. 
Subsequent measurements’ on the limiting criti- 
cal concentration of dilute uranyl fluoride in 
stainless-steel containers have provided more 
accurate data on the worth of the containers. It 
was also shown that, for stainless-steel con- 
tainers, a container filled with helium was less 
reactive than an evacuated container, the meas- 
ured reactivity difference being a function of the 
container wall thickness. Since previous meas- 
urements with Pu?* solutions used helium-filled 
containers as a reactivity base for normaliza- 
tion of the data, correction for this effect was 
necessary. After the corrections were applied, 
the limiting concentration of uranium (93.15% 
enriched) was found to be 13.04 0.1 g of ura- 
nium per liter. This value is in good agreement 
with the previously accepted value of 12.94+ 
0.03 g of uranium per liter, which was obtained 
using aluminum containers. Application of the 
necessary corrections to the previously meas- 
ured plutonium data, which also include correc- 
tions for the Pu, Pu! and nitrate content of 
the solutions, resulted in a value of 8.1 + 0.3 g 
of Pu’ per liter as the limiting concentration 
of a Pu?**_water solution. This value is in better 
agreement with the Monte Carlo calculated value 
of 7.71 + 0.46 g of Pu*’ per liter. 


Boiling-Superheating Reactors 


The superheater region of the first-generation 
core for the Pathfinder reactor will contain 
fully enriched uranium dioxide fuelin stainless- 
steel cermet, clad with stainless steel, in the 
form of dual coaxial fuel tubes. An advanced 
superheater design for the second-generation 
core contains fuel elements of a seven-pin 
cluster type which utilize uranium oxide fuel of 
approximately 4% enrichment. Experiments that 
are described in Ref. 7 were directed toward 
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obtaining the information necessary for the 
computation of the thermal utilization and reso- 
nance escape probability for this type of fuel. 
The fuel pins used were 36'/ in. long and were 
made up of 0.214-in. UO, pellets which had 95% 
of the theoretical density and which were in 
stainless-steel tubes of 0.010-in. wall thickness. 
The three enrichments studied were 3.5, 4.0, 
and 7.0% U"**, and three lattice spacings were 
studied for each enrichment. Results are also 
given for a six-pin cluster (center pin removed) 
for the 3.5 and 7.0% enrichments. The experi- 
ments were performed in the Pathfinder reactor 
core mockup. This mockup is approximately a 
right-circular cylinder 6 ft in diameter and 6 ft 
high, containing a central superheater region 
approximately 2.5 ft in diameter. The experi- 
mental data were taken at the radial geometric 
center of this superheater region, which was 
loaded with a sufficient number of the experi- 
mental assemblies (at least 25) to yield a typi- 
cal spectrum at the center. Local flux distri- 
butions, disadvantage factors, cadmium ratios, 
and distributions of U**® activation are given for 
flooded and voided conditions. 


A method of measuring the void distribution 
in an operating boiling reactor was proposed 
some time ago by S. Untermeyer. The local 
void content is inferred from the local ratio of 
epithermal-to-thermal neutron flux, which in 
turn is indicated by the measured local value 
of a cadmium ratio. Work on an exponential 
mockup of the BORAX-V reactor to explore the 
cadmium-ratio technique and to prepare a 
calibration curve for use of the technique in 
BORAX-V is described in Ref. 8. The known 
voids used in the mockup were made of sealed 
polyethylene tubes of the appropriate length and 
number. The void fractions simulated in this 
manner ranged from 0 to 0.4. The correspond- 
ing range of the measured cadmium ratio was 
6.1 to 4.6. The radial flux distribution across a 
BORAX type fuel assembly and the flux details 
in and around fuel rods were also determined 
in the program. Nine of the BORAX-V subas- 
semblies were mocked up in the exponential ex- 
periment. The neutron source for the experi- 
ment was provided by the TREAT reactor. 


Heavy-Water Assemblies 


A summary of experimental and theoretical 
results obtained in the Heavy-Water Lattice 
Project of the Massachusetts Institute of Tech- 
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nology during the period October 1961 to Sep- 
tember 1962 is presented in Ref. 9. An initial 
study has been made in the main subcritical 
(exponential) assembly with 1-in.-diameter 
natural-uranium rods in triangular lattices of 
4-, 5-, and 7.5-in. pitches. Material bucklings 
were measured and compared with results 
measured in both critical and exponential ex- 
periments at other laboratories. The ratios of 
fission rates in U”** relative to U?*, as well as 
the epicadmium-to-subcadmium fission ratios 
in U*, were also measured. Experiments re- 
lated to resonance capture in vu? included 
measurement of the average vu? cadmium 
ratio, average ratio of the U*** capture rate to 
the U?* fission rate, distribution of resonance 
neutrons in the moderator, and quantities re- 
lated to the effective resonance integral of y™. 
Data on intracellular thermal-neutron distribu- 
tion were measured and compared with the pre- 
dictions of the one-dimensional THERMOS code. 
In the relatively tight lattices (those in which 
the spacing between fuel rods was comparable 
to or less than the mean free path for thermal 
neutrons), the one-dimensional cylindrical rep- 
resentation of the unit cell did not predict the 
correct relative fluxes in the fuel and moder- 
ator regions. Two-dimensional THERMOS cal- 
culations, which approximated the hexagonal 
cell boundary more accurately, did provide 
better agreement with the experimental data. 
Measurements similar to those described above 
are being repeated for slightly enriched uranium 
fuel rods. 

Also summarized’ are the theoretical and ex- 
perimental results from experiments on slightly 
enriched fuel rods that were moderated by D,O 
and D,O-H,O mixtures in the small or miniature 
lattice studies. These measurements include 
the axial and radial flux traverses, the cadmium 
ratio of U?*®, the U**-to-U*® fission ratios, and 
the intracellular flux traverses with cadmium- 
covered gold foils. 

Calculations reported in Ref. 10 relate to the 
uniform-lattice critical experiments performed 
in the ZPR-VII critical assembly with thoria- 
urania fuel and heavy-water moderator. The 
fuel consisted of pellets of thorium oxide and 
highly enriched uranium oxide, with atom ratios 
of thorium to U?® of 25:1 and 15:1. Experi- 
ments were carried out with both types of fuel 
in uniform triangular lattices having pitches of 
1.905, 2.8575, 3.81, and 5.715 cm. The results 
of experiments for both uniform and clustered 
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lattices are given in Ref. 11. Group constants, 
material bucklings, and reflector savings were 
calculated for the various lattice pitches em- 
ployed in the experiments. Analyses were per- 
formed, and these included measurements of 
cadmium ratios of U?* and thorium, water- 
worth experiments, and fuel-substitution ex- 
periments. 


Spectral Shift 


Previous experimental work under the Spec- 
tral Shift Control Reactor (SSCR) Basic Physics 
Program has been reviewed earlier | Power Re- 
actor Technology, 5(4): 17; 6(2): 13; and 6(3): 
81]. References 12 and 13 contain results of 
work performed under this program during the 
ninth and tenth contract quarters. Results from 
critical experiments with the 2.46%-enriched 
UO, fuel rods at a nonmoderator-to-moderator 
volume ratio of 0.65 are given. The two moder- 
ator compositions studied were 85.5 and 70.0 
mole % D,O (remainder H,O). For each of these 
lattices the measurements include critical size, 
reactivity change with water height, critical 
buckling, reflector savings, thermal disadvan- 
tage factor, cadmium ratio of , and the fis- 
sion cadmium ratio of U*, Also, perturbation 
experiments were performed at anonmoderator- 
to-moderator volume ratio of 1.0 and a moder- 
ator composition of 72 mole % D,O. Local flux 
distributions and the reactivity worth of various 
perturbations in the core were studied, including 
the effect of a boral blade inserted in the uni- 
form lattice, the effect of a moderator gap in 
the uniform lattice, the effects of boral, cad- 
mium, and aluminum blades, respectively, in a 
moderator gap, and the effects of boral and alu- 
minum cruciforms, respectively, in a modera- 
tor gap. 

The results of the first small-lattice experi- 
ment are of particular interest. The purpose of 
this experiment was to demonstrate, for sys- 
tems having a high percentage of fissions oc- 
curring at epithermal energies, the validity of 
methods used previously for thermal systems 
in the Physical Constants Testing Reactor at 
Hanford. Reactor parameters susceptible to 
measurement by this technique include the in- 
finite multiplication factor and all the intra- 
cellular lattice parameters normally measured 
in a critical experiment. In this first experi- 
ment in the SSCR program, a direct compari- 
son of results obtained in the small lattice could 
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be made with a corresponding critical experi- 
ment. The critical experiment utilized over 
2000 fuel rods that were 6 ft long and 4% en- 
riched, whereas the small test lattice required 
only about 200 rods which were of the same 
type but which were 18 in. long. 

The source reactor for the small-lattice ex- 
periment was a graphite honeycomb mounted on 
a split-bed assembly (Fig. II-1). Suitable ad- 
justment of graphite bars and highly enriched 
uranium-aluminum foils gave a critical sys- 
tem. A center cavity approximately 2 ft square 
houses a 2-ft-diameter aluminum tank that con- 
tains the test lattice and buffer regions. In this 
experiment the buffer region adjacent to the 
test lattice had the same composition as the 
test lattice. However, calculations indicate that 
a substantial part of the buffer might be re- 
placed by dissimilar material without signifi- 
cant increase in the error caused by spectral 
mismatch. The nonmoderator-to-moderator 
volume ratio in the test lattice (and buffer re- 
gion) was unity, and the moderator composition 
was approximately 70 mole % D,O. 


Table II-1 COMPARISON OF PARAMETER 
MEASUREMENTS IN THE SMALL-LATTICE AND 
CRITICAL EXPERIMENTS” 





Small-lattice Critical 





Parameter experiment experiment 
Re 1.131 + 0.008 1.130 + 0.006 
dm/%, 1.159 + 0.007 1.157 + 0.009 
Co5* 2.440 + 0.006 2.434 + 0.012 
Cos* 1.086 + 0.002 1.087 + 0.004 





*Cadmium ratios. 


An extensive analysis of the errors intro- 
duced by spectral mismatch between the test 
and buffer region and the nonflatness of the 
spectral flux across the test region indicated 
that, at least for this experiment, these errors 
are small and, in fact, tend to cancel each 
other. A comparison of the final results ob- 
tained from the small-lattice experiment and 
the corresponding critical experiment is given 
in Table II-1. 


Graphite-Moderated Assemblies 


Results of a series of graphite-moderated 
uranium-metal-fueled critical experiments are 
given in Ref. 14. The graphite assembly is 8 ft 
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high and 12 ft in diameter. The fuel elements 
are hollow cylinders that are 1 in. in outside 
diameter and */, in. in inside diameter, and they 
contain uranium metal enriched to 2 wt.% U?*. 
The elements are assembled from individual, 
hollow cylindrical slugs of uranium metal clad 
with approximately 3 mils of nickel and stacked 
in 40-mil aluminum tubes to the desired height. 
The triangular lattice spacings studied ranged 
from 6.93 to 16.00 in., corresponding to mod- 
erator-to-fuel volume ratios from 25 to 140. 
An effectively infinite reflector was maintained 
radially for most of the assemblies, but there 
was no axial reflector. 

In addition to critical-size measurements on 
the various fueled lattices, the thermal-diffusion 
length of the graphite was measured to deter- 
mine the effective absorption cross section of 
the graphite. 

The criticality experiments were analyzed 
by utilizing available IBM-7090 codes, and, in 
general, good agreement was obtained between 
calculation and experiment by means of a four- 
group scheme. The AIM-5 one-dimensional spa- 
tial code in four groups was used with fast 
constants from the FORM Fourier transform 
slowing-down code and thermal constants 
from a TEMPEST thermal-spectrum-S, spatial 
scheme. Neutron streaming through the air- 
filled centers of the fuel elements was accounted 
for by the method of Behrens. Some two-group 
calculations were performed, but the fit to ex- 
periments was not good. This is attributed to 
the inadequacy of the epithermal leakage terms 
and the failure of this scheme togive the proper 
balance between epithermal absorption and fis- 
sion. However, the four-group scheme agreed 
with experiment to better than 1% on Ress for 
all the lattices. It was also noted that some im- 
provement was obtained in the agreement if the 
usual assumption of a Maxwell-Boltzmann ther- 
mal distribution was replaced by a calculated 
Wilkins spectrum. 

Results of physics work performed under the 
BICEP program (British Industrial Collabora- 
tive Exponential Programme) were originally 
reported in 21 United Kingdom Atomic Energy 
Authority reports. A collection of these reports, 
along with the necessary editorial changes for 
the collection, is found in Refs. 15 to 17. The 
program was initiated to provide reactor phys- 
ics data for the development of gas-cooled 
graphite-moderated reactor systems. Specifi- 
cally, physics data were obtained for various 
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fuel-element concepts under development in 
Britain. Exponential experiments were per- 
formed on graphite-moderated assemblies of 
rods and tubes of natural uranium metal, 
enriched-uranium metal rods, and clusters of 
uranium metal and uranium oxide rods. In ad- 
dition, many fine-structure measurements were 
made. 

The zero-energy reactor ZENITH has been 
used to measure’ the temperature coefficients 
of reactivity of systems fueled with U’® and 
moderated and reflected by graphite. With 
ZENITH it is possible to investigate the effects 
of core plus end-reflector temperature up to 
800°C and side-reflector temperature up to 
400°C. Nitrogen circulates through a heater 
beneath the core and passes between the fuel 
elements; in the plenum above the core, the 
nitrogen may be mixed with cooler gas before 
passing down through the side reflector. A ther- 
mal barrier of lampblack between core and side 
reflector reduces heat transfer. 

Temperature coefficient measurements were 
made in the fourth loading of ZENITH; this load- 
ing contained 7.72 kg of U**, corresponding toa 
carbon-to-U** atomic ratio of 7788. This core 
was the most dilute system in the projected ex- 
perimental program on u= systems. Reactivi- 
ties were measured by the rod drop method and 
the critical-balance-point method. In the former 
method all measurements were made to the 
same shutdown configuration, whereas in the 
latter method a fine and a coarse control rod 
were calibrated by positive period techniques. 
Temperature coefficients were then evaluated 
from the change in critical positions of the cali- 
brated rods. The rod oscillator technique was 
used to evaluate the prompt-neutron lifetime 
and to provide additional calibration data for the 
fine control rod. Axial and radial weighting fac- 
tors for the temperature measurements were 
evaluated by measuring the worth of copper 
tubes at various positions in the core. 

Core and end-reflector temperature coeffi- 
cients, as well as side-reflector temperature 
coefficients, are given'® for several tempera- 
ture ranges and control-rod configurations. 
Apart from a possible insignificant increase in 
the lowest temperature interval, the tempera- 
ture coefficient for the core plus end reflectors 
shows no evidence of temperature dependence. 
The mean temperature coefficient over the 
range 147 to 367°C is —(15.6 + 1.6) x 107° per 
degree centigrade. The side-reflector coeffi- 
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cient is positive and, as found for previous load- 
ings, decreases as the number of inserted con- 
trol rods increases. Calculated values of the 
temperature coefficient, except for the side- 
reflector values, agree well with experiment. 
The accuracy of the experimental measure- 
ments is somewhat impaired by a nonuniform 
core-temperature distribution. 

In order to test theoretical calculations of 
buckling and reaction rates in plutonium- 
graphite assemblies using basic nuclear data, 
a series of near-homogeneous plutonium— 
graphite exponential lattices was studied in a 
program reported in Ref. 19. Measurements 
were made of the material bucklings, disad- 
vantage factors, and relative fission rates of 
uv?) pu’), and U3, The carbon-to-plutonium 
atom ratio covered the range 2420 to 14,520. 
Relative fission-rate measurements were made 
in one lattice at 200 and 370°C. One experiment 
was also performed on an enriched-uranium 
lattice similar to one of the plutonium experi- 
ments. Fuel for the experiments was inthe form 
of plutonium-aluminum spikes that were 28 in. 
long, 1.2 in. wide, and 0.02 in. thick. Each spike, 
containing 6.5 g of plutonium, was sheathed 
in 0.02-in.-thick aluminum. Approximately 2.5 
at.% of the plutonium consisted of the isotope 
Pu’, The graphite was in the form of square 
prisms, which were 28 in. long and 1.73 in. in 
the other two dimensions. 

STEWPOT, a 43-group slowing-down code for 
the Mercury computer, was used for theoretical 
calculations of the experiments. A comparison 
of the calculations with experiment indicated 
that for these systems the STEWPOT code will 
predict the material bucklings to 13%. Calcula- 
tions of the U?*-to-u?® fission ratios show good 
agreement with experiment. However, the cal- 
culated Pu”**-to-u** fission ratios are con- 
sistently lower than the experiments by almost 
6 to 9%. The reference points out that the en- 
ergy group breakdown in STEWPOT was not in- 
tended for plutonium-fueled systems and is not 
optimum for them. 

Measurements of thorium resonance-capture 
activations relative to those of Au! which were 
made in the Peach Bottom (HTGR) critical as- 
sembly, are analyzed in Ref. 20 and are com- 
pared with thorium resonance activations calcu- 
lated from the tabulated values of the resonance 
parameters. Since some of the thorium activa- 
tion measurements employed thorium oxide dis- 
persed quasi-homogeneously in graphite, reso- 
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nance captures inthorium were measured by the 
vanadium-subtraction technique rather than the 
cadmium-ratio technique. The former method 
measures the resonance capture rate of an un- 
known nuclide relative to that of a thin foil of 
Au??? which is assumed to be known. The va- 
nadium is employed to determine and subtract 
the 1/v cross-section component for the un- 
known nuclide. To check the technique and as- 
sure internal consistency, auxiliary measure- 
ments employing u?38= and Mn were carried 
out. The cadmium-ratio technique was employed 
to obtain measurements of the resonance cap- 
ture rates of vanadium, Mn®, and Th? foils 
placed in a void in the HTGR critical assembly. 
The measurements for the latter two elements 
were made for comparison with results obtained 
by the vanadium-subtraction technique. 


Included in Ref. 20 is a review of the status 
of the knowledge of absorption cross sections 
and resonance parameters for thorium and gold. 
Two alternative sets of resonance parameters 
were selected for thorium and were employed 
in the calculations for comparison with the ex- 
perimentally measured data on thorium reso- 
nance captures. The measurements show that 
the lowest several resonances of thorium cap- 
ture less strongly than would be predicted by 
the listed parameters. This reduced capture is 
such that the thin-limit, epicadmium, 1/E spec- 
trum resonance integral is about 84 barns in- 
stead of the 96 barns predicted by listed pa- 
rameters. 


BeO-Moderated Assemblies 


The interaction effects of hafnium control 
rods in a near-homogeneous BeO-moderated 
oralloy-fueled system were measured”! for two 
to five rods by the pulsed-neutron technique. 
The subcritical assembly used consisted of a 
matrix of BeO blocks and oralloy foils. One 
portion of the matrix was stacked on the plat- 
form of a hydraulic ram, and the second portion 
was supported directly above on a 0.019-in.- 
thick stainless-steel diaphragm. Seven hori- 
zontal slots, 1 by ‘% in., were built into the 
lower assembly. The delayed critical time con- 
stant for a burst of fast neutrons was deter- 
mined by extrapolation of a curve of prompt 
decay constant vs. the inverse multiplication of 
the assembly. Two series of measurements 
were made with the hafnium control rods. These 
rods were hafnium strips, 24 by 0.5 by 0.065 in. 
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for the first series and 24 by 0.5 by 0.0325 in. 
for the second series. The thinner rods were 
used to reduce slightly the rod worth and per- 
mit the use of more rods. The relative worths 
of individual rods in the same slot, individual 
rods in different slots, and combinations of rods 
are given. Included for comparison purposes are 
predicted worths assuming no rod interaction. 
The assumption that the prompt-neutron lifetime 
remains constant is implicit in the interpreta- 
tion of the changes of prompt decay constant in 
terms of reactivity changes. This assumption 
was validated by measuring the delayed critical 
decay constant with seven thick hafnium rods in 
the assembly; it was found to be unchanged 
within the 2% limit of uncertainty in the meas- 
urement of the time constant. 


Fast-Neutron Assemblies 


The inability to predict the critical masses 
of three fast dilute assemblies previously ex- 
amined in the ZPR-III prompted a series of 
critical studies’ to obtain data for use in evalu- 
ating the adequacy of the sodium and stainless- 
steel cross sections employed in multigroup 
calculations. The ZPR-III is a split-bed reactor 
with each half consisting of a matrix of square 
stainless-steel tubes. Drawers containing the 
appropriate materials for each region are in- 
serted into the square tubes. The first assembly 
(No. 32) was designed for a study of a simple 
combination of stainless steel and enriched ura- 
nium. The second assembly (No. 33) was simi- 
lar, except that part of the stainless steel in 
each drawer was replaced by sodium-filled 
stainless-steel cans. Both assemblies were 
completely reflected by anatural-uranium blan- 
ket. Fission ratios of various fissile materials 
(U233 u254 236 u238 Pu239 and Pu?!) were 
measured at the core centers using fission 
chambers of parallel-plate construction. Aver- 
age prompt-neutron lifetimes were measured 
by the Rossi alpha method. The reactivity 
worths of common reactor materials were 
measured at the center of each core and, for a 
few selected materials, near the edge of each 
core. The latter data were taken for informa- 
tion on the transport properties of the materi- 
als. Radial fission rates of various fissile 
materials were measured with miniature cylin- 
drical fission chambers in each core. A series 
of bunching experiments was carried out in a 
wedge section of one-half of core 32. These ex- 
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periments provided data on the effect of fuel- 
plate thickness on reactivity. Distributed worths 
of stainless steel, sodium, and aluminum were 
determined by substitution of these materials 
over one octant of the core. A few preliminary 
measurements were made of the influence of 
the mass of sodium present on the reactivity 
worth of sodium and on its variation with radial 
position. The measurements on these and other 
ZPR assemblies have been summarized in 
Ref. 23. 

The ZPR-III facility has also been used to 
study a mockup of the second loading (core B)”4 
for the Enrico Fermi fast reactor. The core 
material for this reactor is UO,-—stainless- 
steel cermet clad in stainless steel, and the 
reactor is cooled by sodium. The volumetric 
composition of the core is 11.5% fully enriched 
UO,, 51.8% stainless steel, and 33.2% sodium. 
The nominal fully loaded volume is 600 liters. 
The original mockup was too small for criti- 
cality, and alterations were necessary. The 
critical mass was found to be 505.4 kg of U**, 
corresponding to a core volume of 664.6 liters. 
The core volume was then reduced to approxi- 
mately the maximum allowable volume of 600 
liters, and criticality was reached by the sub- 
stitution of a nickel reflector for the radial 
blanket in an annulus about 2 in. thick adjacent 
to the core. Measurements of reactivity effects 
of the most important differences between the 
mockup and the actual Fermi reactor were nec- 
essary in order to establish the critical mass 
for the actual reactor. Some of these effects are 
end gaps, UO, axial blankets, a central gap, a 
source that occupies a subassembly at the radial 
edge of the actual core, and safety-rod and 
control-rod channels. The distributed reactivity 
worths of various materials were measured 
also in order to correct for discrepancies be- 
tween the mockup and the core. A comparison 
of the reactivity effects of various radial re- 
flectors was made. These included nickel, nickel 
oxide, iron oxide, beryllium, and beryllium 
oxide. Measurements were made of relative re- 
action rates as functions of both radial and axial 
position, and fission ratios of the various fis- 
sionable isotopes were measured at the center 
of the core. 

Various features related to the dynamic be- 
havior of the reactor were investigated. These 
included a measurement of the isothermal tem- 
perature coefficient, the reactivity effects of 
axial core expansion, and Rossi alpha measure- 
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ments at delayed critical. The reactivity effect 
of heterogeneity of the fuel was estimated by 
bunching the fuel plates in various arrange- 
ments; the final results give reactivity change 
as a function of effective fuel-plate thickness. 
This curve extrapolated to zero plate thickness 
gives the reactivity loss caused by homogenizing 
the fuel. 
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Burnout Limits for Boiling- 
Water Reactors 


By John S. Wiley 


Heat-transfer burnout is one of the phenomena 
which determine the power capability of a water- 
cooled reactor. It is not the only one, nor is it 
necessarily the controlling one In oxide-fueled 
reactors the central temperature of the fuel 
elements often imposes a limitation thatis more 
restrictive than the burnout limitation. Never- 
theless, the burnout limitation is a highly im- 
portant one. Its relative importance is likely to 
increase as reactor designs become more highly 
developed and as methods for extracting higher 
specific powers from oxide fuel elements are 
proved. Furthermore, rightly or wrongly, the 
burnout ratio is given serious consideration in 
safety evaluations of power reactors, and for 
this reason the question of burnout sometimes 
proves to be a more restrictive design consid- 
eration than might otherwise be supposed. 


In recognition of the importance of burnout 
phenomena to the reactor designer, investiga- 
tions and analyses related to burnout have been 
given considerable attention in past issues of 
Power Reaclor Technology. Since these investi- 
gations are usually described in papers written 
for the heat-transfer specialist rather than for 
the reactor designer, it has seemed worthwhile 
to examine the question briefly from the point 
of view of the designer’s interests. In this ar- 
ticle advantage is taken of the opportunity of- 
fered by the presentation of two new burnout 
correlations!” to present such a review. The 
discussion is limited to burnout under condi- 
tions of net boiling, because burnout tends to 
impose more severe restrictions on boiling 
reactors than on pressurized-water reactors, 
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and because limitation of the discussion to a 
single burnout regime simplifies the problem 
of relating the phenomenon to questions of re- 
actor design and analysis. In the course of the 
discussion, selected burnout data will be uti- 
lized to illustrate various points. Many of these 
data are taken from the extensive collection 
that has been assembled in Ref. 3. 


To cover the range of practical interest in 
burnout, one must consider a relatively large 
number of variables and rather large ranges of 
these variables. The major variables, in addi- 
tion to the heat flux, include the size, shape, 
and degree of interconnection of the coolant 
channels, the flow velocity of the coolant, its 
pressure, and the degree to which it is sub- 
cooled below the saturation temperature at the 
entrance to the coolant channel. Large ranges 
of variables have been covered by the many 
measurements of burnout which have been made, 
and the question naturally arises as to how to 
correlate all these experimental data. 


Because the process of burnout is not under- 
stood in detail, it has not been possible to ar- 
rive at correlations that are based on the fun- 
damental relations among the variables. In such 
a circumstance it is usually found that no single 
correlation will meet the needs of all users of 
the experimental data, and this proves to be the 
case for burnout. One approach is to attempt to 
find purely empirical equations that will relate 
the important variables with acceptable accu- 
racy over the widest possible range. Such cor- 
relations are very useful and are widely used 
as methods of compressing the results of many 
experiments into a small volume. In arriving at 
such a correlation, the analyst must sometimes 
make compromises in the precision with which 
the correlation will cover the entire range of 
variables in order to arrive at an expression 
of reasonable length and complexity. When the 
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Fig. Ill-1 Diagram of representative burnout test. 


T = temperature, °F; H = enthalpy, Btu/lb; x = qual- 
ity, lb/lb; G = mass flow, lb/(hr)(sq ft); p = pressure, 
psia. 


fundamental relations among the variables are 
not known, arbitrary groupings and functional 
dependencies must be assumed. Once this is 
done the correlation can make no distinction 
between those deviations from its predictions 
resulting from true functional dependencies 
that have been neglected and those resulting 
from errors of measurement or perhaps from 
true fluctuations in the phenomenon under con- 
sideration. In this respect such a correlation 
falls short of the needs of the analyst who may 
desire to infer basic functional relations. Since 
it seeks to express the entire mass of accumu- 
lated data in terms of the fewest possible var- 
iables, the variables chosen for correlation are 
often not the independent variables of reactor 
design. In this respect the correlation may also 
fall short of the needs of the designer. It is not 
usually in a convenient form for illuminating 
the relations among the design variables. 

It is instructive to consider how burnout ex- 
periments are run and how the data might be 
handled in the simple case in which the experi- 
menter is provided with a heat-transfer appa- 
ratus of fixed dimensions. It will be assumed 
that the apparatus consists of a uniform round 
tube, electrically heated, as is usually the case 
in such experiments and as indicated in Fig. 
III-1. If it is assumed that the experimenter 
has chosen the pressure at which he is to op- 
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erate (and to simplify later discussion it is 
here assumed that the pressure specified is 
that at the tube exit), then he has available only 
three further variables: the electric power in- 
put to the tube, the coolant flow velocity, and 
the inlet temperature of the coolant. If he fixes 
the inlet temperature (at, say, some value be- 
low the saturation temperature at the ambient 
pressure), he may choose to run the experi- 
ment in one of two ways: either he may fix the 
coolant flow velocity and gradually increase the 
power input to the test section until burnout 
occurs, or he may adjust the coolant flow to 
some value, fix the power input, and then grad- 
ually change the coolant flow until burnout oc- 
curs. Presumably, similar results may be ob- 
tained by both methods. 
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Fig. III-2 Plot of burnout data from Table 8 of Ref. 
3. dgo vs. G; pressure = 2000 psia. The ‘‘Table No.’’ 
and ‘‘Index No.’’ refer to the method of organizing the 
data as used in Ref. 3. 
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If a number of such experiments are run, 
over a range of coolant flows and power inputs, 
the experimenter will accumulate a group of 
data and will be faced with the question of how 
to present it. A straightforward scheme is to 
plot the two directly controlled variables, cool- 
ant flow and power input (or the more general 
specification of the power input, the heat flux), 

















] T 
© 08-083 36°FSC 
mo 4 08-075 60° FSC e 
’ Oo 08-070 85° FSC 
= vy 08-058 110°FSC 
g 
= 32 
£15641 il 
A 
2 22 /G/10 
a SA” 
3 4.0°n2.1 
~ TO A | 
5 2907) 
a v20 00 aril 
os O10 0 at 
O5- ae 8 a 
v~6° 
0 l ! ! 
0 Of 0.2 03 04 


Quality, xe, Ib/Ib 


Fig. I1I-3 Plot of burnout data from Table 8 of Ref. 
3. dpgo VS. X,; pressure = 2000 psia. 


against one another. Figure III-2 shows the re- 
sults of some experimental data of this kind 
(from Ref. 3), plotted in just such a way. There 
are four curves shown, each for a different 
value of inlet subcooling; as might be expected, 
the heat flux at which burnout occurs increases, 
for the tube of fixed length-to-diameter ratio, 
with inlet subcooling. 

The question immediately arises as to 
whether there is some more general way of 
plotting (correlating) the data which might 
bring together all the curves for the different 
degrees of subcooling. This possibility seems 
particularly reasonable since all the experi- 
mental sections are actually observed to burn 
out at or very near the exit end and since, if 
burnout is determined purely by the local con- 
ditions of the coolant and heat flux (i.e., burn- 
out is not affected by the past history of the 
coolant at points farther upstream in the tube), 
the condition of the coolant near the exit end of 
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the tube can thus be completely specified sim- 
ply by specifying its steam content. The ob- 
vious suggestion is to plot the burnout heat 
flux as a function of the steam quality at the 
tube exit, x,. This has been done for the data 
of Fig. III-2 in Fig. III-3, and it is observed 
that, although the four sets of data are indeed 
integrated, there is a disappointing spread in 
the data points at the higher values of exit 
quality. This scatter is rather characteristic of 
burnout data at high exit quality if they are 
plotted in this way. Figure III-4 shows another 
set of data taken from the same reference.’ 

In considering the behavior of the data in 
Figs. III-3 and III-4, it is important to bear in 
mind that the exit steam quality is not a meas- 
ured quantity but one that is computed from the 
measured values of mass flow and heat flux. 
The exit quality is computed from the heat bal- 
ance, as follows: 

46L/D = G(A xi: — Ain) (1) 
where* @= uniform heat flux, Btu/(hr)(sq ft) 
L = total length of test section, ft 
diameter of test section, ft 
Hexit = enthalpy of mixture leaving test 
section, Btu/lb 
enthalpy of mixture entering test 
section, Btu/lb 


S 
I 


= 
I 


If the definition of exit quality, x,, in terms of 
enthalpy is used, Eq. 1 can be written as 


@= GD/4L(x,H,, + H; —Hin) (2) 


The symbols H;, and H,; have their conventional 
meanings. Equation 2 has been plotted on Fig. 
IlI-5 for two of the points of Fig. III-4 (runs 
205 and 206 of Table 10, Ref. 3) where it is 
called the operating line, again following the 
nomenclature suggested in Fig. 74 of Ref. 3. 
The significance of this designation is that, if 
the burnout experiment was run by the first 
method described above—by setting the mass 
flow and the inlet subcooling and gradually in- 
creasing the input power until burnout oc- 





*Equation 1 is valid over a range of @ from zero 
power to burnout. At burnout ¢ is termed ¢go and the 
exit enthalpy is termed Hgo, following the nomencla- 
ture of Ref. 3. Thus the qualities plotted in Figs. III-3 
and III-4 could be labeled x¢,,,; the last subscript was 
dropped, however, for simplicity in nomenclature. 
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curred—the exit quality would increase with 
heat flux during this process in the manner 
specified by the operating line. 

As Eq. 2 shows, the slope of the operating 
line is proportional to the mass flow, andif, for 
example, there were in the experiment an un- 
certainty of +10% in the mass flow, there would 
be a corresponding uncertainty in the slope of 
the operating line. If there were also an uncer- 
tainty of +10% in the heat flux at which burnout 
occurred, either because of experimental im- 
precisions or because of real uncertainties in 
the burnout process, this uncertainty would 
combine with the uncertainty in mass flow to 
yield a net uncertainty of approximately +20% 
in the value of the exit quality at burnout. 
These illustrative uncertainty ranges have been 
indicated for the two burnout points plotted in 
Fig. III-5. It is clear that the use of the derived 
exit quality as a plotted variable tends to em- 
phasize whatever uncertainties may exist in the 
measurements, simply because x, is given by 
the ratio of two measured quantities (the heat 
flux and the mass flow), and consequently its 
percentage range of uncertainty is approxi- 
mately the sum of the ranges for the two meas- 
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Fig. IlI-4 Plot of burnout data from Table 10 of Ref. 
3. dgo VS. X,; pressure = 2000 psia. 
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Fig. II-5 Plotof operating lines for runs 10-205 and 
10-206 of Ref. 3. ¢g9 vs. x,; pressure = 2000 psia. 


ured quantities. One must be on the alert for 
such artificial changes in the apparent uncer- 
tainties of experimental determinations when 
considering the appropriateness and accuracy 
of correlation procedures. 

The plotting of burnout heat flux as a function 
of exit quality is an elementary correlation 
arrived at here through an intuitive judgmentas 
to the burnout process, and it is fundamentally 
useful insofar as it gives some evaluation of 
that judgment. Although it does bring together 
data in which the only variables are heat flux, 
mass flow, and subcooling, it would be sur- 
prising if this single parameter alone could 
correlate the effects of many other variables. 
The correlations given in Ref. 2, which are 
discussed in later paragraphs, are expressed 
primarily in terms of the exit quality variable. 
They give a good indication of the usefulness of 
this parameter as a basis for correlation. 

For the purposes of boiling reactor design, it 
is useful to treat the burnout data in a some- 
what different manner that amounts to taking 
the mass flow, G, inside the parentheses in 
Eq. 2 and using the product Gx,H,, as the 
plotted variable 


b= D/AL(Gx.H,¢ + GH; — GHi) (3) 
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This method of handling the data was first pro- 
posed by Levedahl, ‘ who gave the name steam- 
energy flow (SEF) to the quantity Gx,H,,. When 
the burnout heat flux is plotted as a function of 
SEF, the curve presents to the reactor designer 
the effect of the burnout limit on the two im- 
portant design quantities that specify the heat- 
removal characteristics for the boiling reactor 
core. The significance of the burnout value of 
the heat flux is well known; the significance of 
the steam-energy flow at the burnout point is 
that it tells the designer how much power can 
be removed, in the form of latent energy of 
steam, from the unit cross-sectional area of 
the coolant flow passage. 

The data from Figs. III-3 and III-4 (Tables 8 
and 10 of Ref. 3) have been replotted on steam- 
energy plots in Figs. III-6 and III-7. It can be 
seen that the data no longer fall on single 
curves but are again, as in Fig. III-2, separated 
according to mass flow, and each curve con- 
sists of two lines of opposite slope arbitrarily 
called DNB-1 and DNB-2. The scatter of the 
data about the line appropriate to themis small. 
In this method of plotting, the effects of com- 
pounded uncertainties are not accentuated inthe 
region of low burnout heat flux, as is shown in 
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Fig. III-6 SEF plot of Table 8 data of Ref. 3. @p9 vs. 
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Fig. III-8. The steam-energy flow plot can 
hardly be called a correlation, since it does 
not reduce the number of variables that must 
be taken into account, but it does have funda- 
mental usefulness in addition to its usefulness 
to the designer, for it brings some order into 
the data and it suggests the existence of two 
quite different processes that may determine 
burnout (DNB-1 and DNB-2). 

In setting the reactor power output, the de- 
signer never intentionally approaches near the 
burnout limit but always leaves a large safety 
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Fig. I1Il-7 SEF plot of Table 10 data of Ref. 3. po 
vs. SEF; pressure = 2000 psia. 


factor that is usually expressed as the burnout 
ratio. This is the ratio of the burnout heat flux 
to the actual heat flux at the worst point in the 
reactor. Since it is the limitation of some spe- 
cified burnout ratio that sets the permissible 
power output of the reactor, it is worthwhile to 
examine just what the ratio means in terms of 
a safety factor. The steam-energy flow plot is 
useful for this examination and is employed 
schematically in Fig. III-9. It shows a hypo- 
thetical DNB-1 line and an operating line, AC, 
for the worst coolant channel of a hypothetical 
boiling reactor that has a uniform axial power- 
generation rate. It is assumed that the channel 
normally operates at point B, with a heat flux 
é, and a steam-energy flow of SEF, atthe chan- 
nel exit. The burnout ratio is often defined as 
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Fig. III-8 Operating lines for runs 10-205 and 10- 
206 of Ref. 3 on an SEF plot. Pressure = 2000 psia. 


the ratio ¢3: ¢;, but this ratio has little sig- 
nificance as a safety factor on reactor power, 
Since heat flux and steam-energy flow must 
vary Simultaneously, as specified by the oper- 
ating line as reactor power is varied. If the re- 
actor power were increased to burnout, the 
burnout in the coolant channel in question would 
occur at point C, corresponding to a heat flux 
dpo and a steam-energy flow SEF xz. For nor- 
mal operation at q,, the safety factor on reac- 
tor power is thus ¢,9/¢;. These considerations 
have been pointed out in the past, notably by 
Ref. 3. In that paper the ratio $3: ¢, is called 
the heat-flux burnout ratio, whereas the ratio 
dgo : $y is called the power burnout ratio. The 
ratio ¢3: ¢; has a physical significance only if 
it is postulated that the DNB-1 line is deter- 
mined entirely by local conditions at the point 
of burnout. In such a case the ratio ¢3: ¢; in 
Fig. III-9 is the factor by which the heat flux 
would have to be increased in a very short sec- 
tion of the coolant channel, near the exit, to 
cause burnout. 

As normally used, however, the burnout ratio 
is not so much a safety factor on reactor power 
as it is an uncertainty factor on the burnout 
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prediction. Perhaps it is more precise to say 
that it is an uncertainty factor on the applicabil- 
ity, to the specific reactor situation in question, 
of the burnout data or burnout correlation used 
to predict the burnout limit. In this application 
it might be argued that the ratio $3: ¢; is as 
good a means of describing the uncertainty as 
the ratio dp : ¢;. Actually the use of any single 
number is probably a poor way of expressing a 
safety factor on burnout, if it is recognized that 
the burnout correlation (exemplified by the 
DNB-1 line in Fig. III-9) may have an unex- 
pected shape and that there will be uncertain- 
ties in the operating line for the reactoras well 
as in the burnout correlation. It is perhaps jus- 
tified only because the burnout ratios actually 
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Fig. III-9 Steam-energy flow plot showing hypothet- 
ical DNB-1 and operating lines. 


used in reactor design are large, and because 
other uncertainties, such as those arising from 
nonuniform heat generation and complex 
coolant-channel geometry, may affect the sig- 
nificance of the burnout ratio in a way that is 
poorly understood in any case. 

The questions raised by axial nonuniformi- 
ties in heat flux along the coolant channel are 
particularly significant because axial nonuni- 
formity is the normal situation in reactor ap- 
plications. This is the key question: Is burnout 
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Fig. III-10 Steam-energy flow plot showing hypothet- 
ical DNB-1 line and operating lines corresponding to 
nonuniform axial power production. 


determined entirely by the local value of the 
heat flux and the local time-averaged values of 
temperature, pressure, mass flow, and quality 
for the coolant? If the answer is yes, the ef- 
fects of nonuniform heating should be reason- 
ably predictable from burnout experiments on 
uniformly heated test sections. Experiments 
have been made to investigate this question, 
but they have been inconclusive, at least in the 
net boiling range. It is well known that in some 
cases burnout is induced by flow instabilities, 
and in these cases it would not be anticipated 
that local conditions will determine burnout. 

If it is assumed that burnout is determined by 
only local factors in the DNB-1 range, the burn- 
out relations along a single coolant channel in a 
reactor with nonuniform axial power distribu- 
tion can be discussed in terms of Fig. III-10. 
In this figure the point values of ¢ and SEF at 
two powers, P’ and Pp”, are schematically 
shown. Here there are an infinite number of 
burnout safety factors given by ratios such as 
AB: AB’ and AC: AC’. As power is increased 
(say from P’ to P”), one of the ratios becomes 
unity and burnout ensues. Thus whether burnout 
occurs at the channel exit or somewhere up- 
stream depends on the detailed shapes and rel- 
ative positions of curves such as A’B’C’, 
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A”B"C, and the DNB-1 line. If fairly rapid 
power transients are considered, the problem 
is further complicated by the fact that the flow 
rate may vary during the transient, and this 
affects the operating line position, as well as 
possibly the DNB-1 line. As shown in Fig. 
IlI-10, some nonuniformly heated test sections 
will still burn out at their exits. This is illus- 
trated in Fig. [I-10 by arbitrarily choosing 
curve A”B”C so that it intersects the DNB-1 
line at point C. A slight increase in the slope of 
the DNB-1 line could produce upstream burnout. 
The preceding discussion is intended as an 
introduction to the examination of the burnout 
correlations presented in Refs. 1 and 2. Those 
presented in Ref. 1 also appear in a Westing- 
house topical report® that deals with an AEC- 
sponsored research and development program 
for a large pressurized-water reactor that is 
to be built by Westinghouse for Southern Cali- 
fornia Edison Company. A correction to the 
material presented in Ref. 1 is contained ina 
Letter to the Editor published in the July 1963 
issue of Nucleonics. The present discussion 
considers only the correlation for the quality 
region, which is given in Eq. 1 in Ref. 1: 


AHpnp = 0.529(H, — Hin) 
+ (0.825 + 2.36e72%42e ge 15. 6/108 
—0.41 Hye 000482 /d¢ 
—1.12H, p/p, + 0.548H,, (4) 


where 
A Hpng =Hpng — Hin= 4L pnp/De X bp0/G (5) 
and 


D, = equivalent diameter, ft = 4(cross-sec- 
tional area) /heated perimeter) 
G = local mass velocity, lb/(hr)(sq ft) 
Hin = inlet enthalpy, Btu/lb 
H, = saturated liquid enthalpy, Btu/lb 
Hyg = heat of evaporation, Btu/lb 
AHpnp = (Hpns — Hin), Btu/Ib 
L = length of heated channel, ft 
dgo= heat flux at DNB, Btu/(hr)(sq ft) 
Py = density of saturated liquid, lb/cu ft 
pz = density of saturated vapor, lb/cu ft 


fhe parameter ranges of the correlated experi- 
mental data are given as follows:' 

Geometries: circular tube, rectangular chan- 
nel, and rod bundle 


Winter 1963-1964 


Axial heat-flux distribution: uniform and non- 
uniform 

Mass velocity = 0.2 x 10® to 4.0 x 10° lb/(hr) 
(sq ft) 

Pressure = 800 to 2750 psia 

L/D, = 21 to 656 

Inlet subcooling H;, = 400 Btu/lb 

Local heat flux = 0.1 x 10® to 1.8 x 10° Btu/ 
(hr)(sq ft) 

Exit quality = 0 to 0.90 wt.% 

Equivalent diameter = 0.1 to 0.54 in. 

Heated-to-wetted perimeter ratio = 0.88 to 
1.0 


The terms Hpyg and Lpng are presumably the 
enthalpy of the mixture at the point of departure 
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Fig. III-11 Comparisonof WCAP correlation at 2000 
psia with data from Tables 6 and 8 of Ref. 3. 
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from nucleate boiling and the length of the 
heated channel from inlet to the point of de- 
parture from nucleate boiling. In Ref. 1 @z0 is 
termed qi,,; for uniformly heated test sec- 
tions burning out at their exit L,,, = L. 
Equation 4 can be stated in terms of the 
steam-energy flow if the geometry is fixed, so 
that the heat input can be specified in terms of 
the heat flux and the equivalent diameter, as 
required by the heat balance of Eq.2. The case 
of circular channels is considered, for which D, 
the equivalent diameter, is four times the heated 
perimeter divided by the cross-sectional flow 
area. Solving Eq. 2 for the quantity (H;—Hi,) 
gives 





— Ee — Hin (6) 
GD G f 


Substituting Eq. 6 into Eq. 4 yields 


4 bp0L 


SEF 
1. «-h1b 
GD 





+(0.825 + 2.36e72™2e) H, e165 S/108 
—0.41H, ge 08L De 


~1.12H,,p,/p, + 0.548H , (7) 


Figure III-11 shows the Westinghouse Atomic 
Power Division (WCAP) correlation (in the form 
given by Eq. 7) as applied to conditions of 
Table 8, Ref. 3. The four data points of Table 8 
for G/10® = 2.0 fall in a line parallel to the ap- 
propriate correlation line, as do the three 
higher mass-flow data points. The ratio of the 
experimental burnout heat flux, ¢g0,, to the cal- 
culated heat flux, go, however, cannot be ob- 
tained directly from the figure. This is true be- 
cause @ and SEF are related by means of the 
heat balance, and, if the correlation predicts 
dgo, it also predicts SEFgo. An example will 


Table III-1 COMPARISON OF CALCULATED AND EXPERIMENTAL DATA 








Run No. Ppoe? Pg0,°* SEFgo,) SEF,» 
(from Table 8 Mass flow,G, —_Btu/(hr)(sq ft) Btu/(hr)(sq ft) %30,-%s0, Btu/(hr)(sq ft) Btu/(hr)(sq ft) SEFko,—SEF go, 
of Ref. 3) —_Ib/(hr)(sq ft) x 10 x 10% x 107% a x 1078 x 1078 SEF yg, 
08-076 1.08 0.75 0.71 5.3 1.08 0.96 11.1 
08-077 2.11 0.99 0.86 13.0 0.82 0.48 41.5 
08-078 3.14 1.27 1.11 12.6 0.63 0.26 58.5 
08-079 4.12 1.48 1.41 4.7 0.36 0.22 38.9 





*Calculated from ¢go = 0.339G + 1.600Ge~**56/*_ ‘This is the equation shown on Fig. IlI-11 after substitution of Eq. 6 for SEF 
and using H,,,= 585.2 Btu/Ib. 
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Fig. III-12 Steam-energy flow plot of data appearing 
in Tables 3, 5, and 8 of Ref. 3. Pressure = 1000 psia. 


serve to illustrate the point. Table III-1 lists 
the experimental and calculated values of dj 
and the exit steam-energy flow values at the 
burnout heat flux, SEF,.,, for runs 08-076, 
-077, -078, and -079. This table shows that the 
correlation docs indeed predict the burnout 
heat flux within 20%, as stated.’ The correla- 
tion also predicts an exit quality at burnout and 
the resulting SEF value at burnout; the accuracy 
of this prediction is quite poor. If nonuniformly 
heated test sections do burn out as is suggested 
in Fig. III-10, then the location of the DNB-1 
line is important. If a correlation overpredicts 
po, it also overpredicts SEFgo, which has the 
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effect of moving the DNB-1 line both upward 
and to the right. The burnout safety factor 
given by the ratio AC: AC’ is thus also over- 
predicted, since the length of AC is given by a 
correlation and the length AC’ is set by the 
designer. 

Also plotted on Fig. III-11 are runs 030 and 
033 from Table 6 of Ref. 3. This was done to 
show that there is still some unaccounted-for 
variable that prevents the Table 6 results from 
agreeing with the Table 8 results. That they 
should agree is suggested by the fact that the 
two test sections used to take the data of Tables 
6 and 8 were almost identical in dimensions. 
This subject has been discussed in Ref. 6. 

Figure III-12 contains 1000-psia burnout data 
contained in Tables 3, 5, and 8 of Ref. 3. Al- 
though the data all appear in a Westinghouse 
publication, they were actually taken at three 
different laboratories. It can be noted that at 
this pressure the steam-energy flow plot hap- 
pens to bring the data for a wide range of mass 
flows very nearly together into a single curve. 
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Fig. III-13 Comparison of WCAP correlation with 
data appearing in Tables 3, 5, and 8 of Ref. 3. Pres- 
sure = 1000 psia. 
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Table III-2 WCAP CORRELATION EQUATIONS PLOTTED ON FIG. III-13 


(Pressure = 1000 psia) 





Ref. 3 table No. 


Test-section parameters 





Burnout correlation equation 





go = 1.17G + 6.464Ge156/1 _ 9 0056SEF 
ogo = 1.0296 + 4.994Ge~!56/106 _ 9 00435SEF 
ogo = 1.01G + 4.763Ge*5G1% _ 9.0042SEF 
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Fig. IlIl-14 Steam-energy flow plot of burnout data 
from Refs. 7 and 3. Pressure = 1000 psia. 


Whatever fundamental significance this may 
have is not readily apparent, but the practical 
significance —and possible importance —to the 
designer operating in this pressure range is 
obvious. Table 5 contains a few DNB-2 data, 
and these appear on the figure, although they 
will not be discussed. Figure III-13 compares 
the WCAP correlation with the data shown in 
Fig. III-12. The particular equations plotted 
are shown in Table III-2. It appears that the 
correlation does not recognize the insensitivity 
to mass flow in this pressure range. 

An effect of the test-section diameter on ¢,5 
is shown in Fig. III-14, which plots data from 
Ref. 7. The data for D = 0.3 in. are replotted 
in Fig. III-15 along with some additional data 
from Table 10 of Ref. 3.* Again the data on 
Fig. III-15 point to a lack of effect of G on do 





*The lines through the data, which were placed by 
eye, differ between Fig. III-14 and Fig. III-15, be- 
cause of the modifying effect of the Ref. 3 data. How- 
ever, the line shown in Fig. III-15 lies within +10% of 
all points but three. 


on an SEF plot, although the Westinghouse 
(WCAP) correlation exhibits a rather strong 
effect.7 

It can be noted that the coefficient of the SEF 
term in the WCAP correlation is pressure- 
independent, as can be seen from Eq. 7. This is 
substantiated in Fig. III-16, where data of Table 
3 from Ref. 3 are plotted for three pressures. 
The lines are parallel, as they should be for a 
constant coefficient of the SEF term in Eq. 7. 

The analyses contained in the report? by the 
Atomic Power Equipment Department (APED) 
of General Electric Company are intended to 
define lower limits of the burnout flux in prac- 
tical situations. The analyses are based pri- 
marily on data taken at APED and appearing in 
Ref. 8. The approach can probably best be ex- 
plained by the following quotation,” which ex- 
plains that the set of burnout limit curves was 
constructed by:t 


1. Defining limit curves based upon extensive 
critical heat flux data obtained at General Electric 
Company in an internally heated annulus. The in- 
ternally heated annulus geometry was selected be- 
cause it simulates one of the three possible fuel 
cell geometries shown in [Fig. III-17]. It is not 
only representative of corner rod conditions, but it 
also has the highest ratio of unheated to heated sur- 
face area. As such, it gives the lowest critical heat 
flux value of the three possible fuel cells since the 
‘‘burnout’’ point has been found to decrease with 
increased unheated surface area!®! 

2. Modifying the above limit curves to account 
for lower trends or special effects reported in 
some instances by other experimenters. This en- 
sures that differences in test loops and experimen- 
tal techniques or conditions are included in the 
recommended curves. 





+The data in Ref. 7 have been greatly expanded by 
the appearance of Ref. 10. These latter data extend D 
to about 1.5 in., L to about 76 in., and G/10° to about 
14 Ib/(hr)(sq ft). 

Figure numbers and reference notations have been 
changed to conform to the numbering used here. 
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Fig. III-15 Comparison of WCAP correlation with 
data appearing in Refs. 3 and 7. Pressure = 1000 psia. 


Fig. 111-16 SEF plot comparing data at 
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Fig. II1I-17 Multirod fuel assembly showing various 
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Fig. I1I-18 APED internally heated annulus data at 


high flows.? Pressure = 1000 psia. 
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3. Considering data obtained in multirod geome- 
tries or annular geometries modified to account 
for flow redistribution, presence of spacers and 
rough surface conditions. This step verifies that 
the limit curves developed for a normal annular 
geometry can be applied to reactor type multirod 
systems. 

4. Comparing the recommended curves to other 
available data. This final check gives an overall 
perspective of how the proposed limit curves fair 
with respect to other test results. 


Figure III-18 is typical of the plots of the 
APED data appearing in Ref. 2 and covers the 
high mass-flow range around 1.7 x 10° lb/(hr) 
(sq ft). Other plots are given which in total 
cover the mass-flow range from about 0.2 to 
6x 10° 1b/(hr)(sq ft). The quality range was 
arbitrarily divided into three regions, and the 
burnout limit was described by three connected 
straight-line segments (see Fig. III-18). The 
whole range of qualities was not adequately 
covered by APED data for every value of mass 
flow. Accordingly, British and Italian data were 
used to establish the burnout limit curve in the 
high-quality region, and Ref. 3 data were used 
to establish the curve in the low-quality and 
subcooled regions. The complete set of burnout 
limit curves is shown in Fig. III-19. The refer- 
ence also presents recipes for conversion of 
the curves to other pressures and to other hy- 
draulic diameters. The pressure-adjustment 
recipe is as follows: 


Pao, 7 Pa0.00 + 440 (1000 — p) (8) 


p 


where ¢,0, is the burnout heat flux at pressure 
p, Btu/(hr)(sq ft), BO, 18 the burnout heat 
flux at p= 1000 psia, Btu/(hr)(sq ft), and p is 
the pressure, pSia. 

In conclusion, an attempt will be made to 
compare the WCAP and APED burnout corre- 
lations and recommendations. This is done in 
Fig. III-20; the APED limit lines shown thereon 
are merely a replot of the appropriate curves 
in Fig. III-19 for the middle quality range. The 
WCAP correlation is for a pressure of 1000 
psia, an L/D of 100 and a D of 0.400 in. This 
comparison is believed to be a valid one, since 
the authors of both correlations state that their 
respective correlations are valid for rod bun- 
dles. 

It is evident that the two correlations shown 
in Fig. I11-20 are not in agreement. One reason 
for this is that, although the APED curves were 
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Fig. III-20 Comparison of WCAP correlation with 
APED burnout limit curves. 


chosen on the low side of the data, the WCAP 
curves were chosen as best-fit curves. This 
does not explain the entire difference, however, 
since the WCAP correlation was stated to be 
within +25% of the data. It is believed that the 
major difference between the WCAP and APED 
correlations can be explained by geometry. 
The former correlation was based primarily 
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on circular-tube and rectangular-channel data, 
whereas the latter correlation considered pri- 
marily data taken with internally heated annular- 
geometry test sections. Collier!! states: “Burn- 
out heat flux values for tubes and externally 
heated annuli are always higher than those for 
internally heated annuli.. # 


If geometry is the primary reason for the 
differences shown between the two correlations, 
then it seems incorrect to state that both cor- 
relations will adequately predict the burnout 
heat flux of a bundle of heated rods such as is 
found in a power reactor. Further considera- 
tions of burnout in multirod clusters will ap- 
pear in future issues of Power Reaclor Tech- 
nology. 
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Programs at GE-APED 
Sponsored by USAEC 
and Euratom 


Three government-sponsored research and de- 
velopment programs that include substantial 
efforts on oxide fuel elements are under way at 
the General Electric Atomic Power Equipment 
Department (APED). Two of these, the Fuel- 
Cycle Program and the High Power Density De- 
velopment Project, are sponsored by the U.S. 
Atomic Energy Commission (AEC); the third, 
the High-Performance UO, Program, is spon- 
sored jointly by AEC and Euratom. A large 
amount of literature has been produced under 
these programs in the form of quarterly and 
topical reports. It is the purpose of this review 
to summarize the work to date in the area of 
fuel-element development and to describe the 
objectives, the experimental approaches, and 
the existing complement of experimental sam- 
ples in sufficient detail to form the background 
for more concise reviews of progress that may 
appear from time to time in future issues. 
Fuel-Cycle Program +” 

This program was initiated early in 1959. 
The purpose of the program is to improve the 
technological limits of boiling-water reactors 
in several areas listed below’ (of these, only 
Task A-1 is reviewed here): 


Task A 


1. Extend fuel life information on oxide fuel at 
high specific power operation and raise the per- 
formance limits of oxide fuels. 

2. Study power stability and performance char- 
acteristics of an oxide fueled core under natural 
and forced circulation to improve design limits. 


Task B 


1. Out-of-pile experiments in heat transfer and 
fluid dynamics in the areas of burnout heat trans- 
fer, hydraulic instability, steam void observational 
studies, and two-phase pressure drop to support 
in-core work. 

Task C 

1. Study long-term reactivity characteristics of 
fuels having lattice characteristics of large power 
reactors. 

2. Measure initial conversion ratio of a number 
of lattice configurations characteristic of large 
oxide fueled power reactors. 

Task A-1 involves the fabrication of fuel as- 
semblies and evaluation of results of irradiation 
in the Vallecitos Boiling-Water Reactor (VBWR). 
A total of 60 assemblies have been irradiated, 
although all 60 assemblies are not necessarily 
in the VBWR at the same time. These 60 as- 
semblies are divided into 50 so-called “basic” 
assemblies and 10 “special” fuel assemblies. 
The design and fabrication of the basic fuel as- 
semblies are detailed in Ref. 12; two different 
types were fabricated, one being a control- 
follower assembly and the other a stationary 
assembly. The follower assemblies, designated 
as type H, employ annealed type 304 stainless- 
steel cladding, whereas the stationary as- 
semblies were fabricated from Zircaloy-2, 
Zircaloy-4, and cold-worked type 304 stainless- 
steel cladding. All cladding was designed to be 
freestanding. Additional details on the assem- 
blies are given in Table IV-1. Figures IV-1 to 
IV-3 illustrate constructional details of the as- 
semblies and their appearance in the VBWR. 

The elements were fabricated in 1960 and 
1961, and 25 stainless-steel-clad assemblies 
were loaded into the VBWR in September 1960. 
An instrumented stainless-steel assembly was 
loaded into the VBWR in October 1961, instru- 
mented to provide data on in-core neutron flux, 
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Table IV-1 
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CHARACTERISTICS OF THE BASIC FUEL ASSEMBLIES 


IN THE FUEL-CYCLE PROGRAM”? 





Type of assemblies 

Number of assemblies 

Rods per assembly* 

Removable rods per assembly 
Rod center-to-center distance, in. 


Cladding material 

Nominal cladding thickness, in. 
Nominal tube outside diameter, in. 
Nominal tube inside diameter, in. 
Maximum pellet diameter, in. 


Average pellet density, 

% of theoretical density 
UO, enrichment, % 
Water-to-fuel ratio 
Active fuel length, in. 
Total rod length, in. 


Plenum length, in. 

Wall thickness of plenum 
support tube, in. 

Coolant-flow area, sq in. 

Heat-transfer area, sq ft 


H I J 
10 16 24 

16 16 16 

0 12 12 

0.76 0.76 0.76 

304 S.S. 304 S.S Zircaloy-2f 
0.020 0.015 0.022 

0.420 0.410 0.424 

0.380 0.380 0.380 

0.376 0.376 0.376 

95 95 95 

2.7 3.2 t 

2.98 4.0 3.9 

30 37 37 

32°, 391, 40'/ 

1% 1% 1% 

0.020 0.020 0.020 

5.25 7.13 6.98 

4.37 5.28 5.47 





*One I and two J assemblies are instrumented and contain only 14 fuel rods. 
fOne assembly contains three fuel rods clad with Zircaloy-4. 
tEnrichments of the J assemblies are as follows: 





No. of 
assemblies 


% 


enrichment 





10 2.76 
1 
3 2.98 
1 
3 3.2 
5 3.49 
| 4.3 
1 


coolant temperature, pressure drop, and flow 
rates. The Zircaloy-clad assemblies, including 
two instrumented ones, were placed in the 
VBWR between June 1961 and January 1962. As 
of March 1963, the basic fuel assemblies had 
reached the burnups shown in Table IV-2; this 
table also illustrates the peak specific power 
and peak heat flux for the particular assembly 
operated at the highest power within its group. 
Table IV-3 compares the thermal performance 
of these basic fuel assemblies with the Dresden 
and Big Rock Point reactors. 


In May of 1962, during a VBWR outage, four 
fuel-rod changes were made involving one type I 
assembly and three type J assemblies.’ Hot- 
cell examination revealed that fretting corro- 
sion had occurred on the Zircaloy cladding. 
Studies of four additional assemblies showed 
that fretting corrosion had occurred on some 
rods in each of the Zircaloy-clad assemblies 


2.76 and 2.98 (8 rods each) 


2.98 and 3.49 (8 rods each) 


2.76 + PuO, segments 


(12J, 25J, and 7L, a special assembly), but not 
on the stainless-steel-clad assembly (8I). The 
observations are summarized in Ref. 8: 


The following observations were made...: (1) 
lack of rod support at the upper tie plate caused 
general fretting corrosion at the middle spacer in 
the 7L assembly; (2) rods with large clearances at 
the upper tie plate showed the most penetration; 
(3) rods with tight support at the upper tie plate 
suffered comparatively light fretting corrosion even 
with large clearances at the middle spacer; (4) the 
corner rods which are rigidly supported at both top 
and bottom underwent no fretting corrosion. 

It appears that wire deformation as a result of 
fuel handling increases the clearance between the 
fuel rods and supporting spacer and upper tie plate 
wires .... The clearance subsequently allows the 
rods to vibrate freely as reeds and fret against the 
stainless steel wires. It is expected that the fretting 
corrosion can be reduced or eliminated by spring 
clips at the upper tie plate which will provide im- 
proved rod support. The spring clips can be in- 
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stalled on the assemblies in the VBWR storage pool 

without disassembly of the fuel bundle. Fabrication 

of trial clips is in progress. 
The method of retaining the rods in the assem- 
bly is shown in Fig. IV-1. A new, undamaged 
fuel rod was placed into assembly 12J, and 
spring clips were fabricated to bear against the 
rod and damp vibration. This assembly was in- 
serted in the VBWR and operated for about a 
month until the reactor was shut down because 
of a leak in the recirculation piping. Subsequent 
examination revealed no fretting damage to the 
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on all but two of the Zircaloy-clad type J as- 
semblies. 

No significant cladding deterioration other 
than fretting was exhibited by the Zircaloy-2- 
and Zircaloy-4-clad fuel rods. The stainless- 
steel-clad fuel rods also were sound. An in- 
tentionally defected Zircaloy-2-clad rod, an 
intentionally defected Zircaloy-4-clad rod, and 
a sound Zircaloy-2-clad rod were sectioned 
and examined remotely. The defect was a 20- 
mil hole in the cladding near the peak heat flux 
region. The results are summarized as follows 





clipped fuel rod, and spring clips were installed in Ref. 9: 
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Fig. IV-2 Exploded view of fuel rod." 


a. In non-defect areas. the Zircaloy-4 corroded 
at a slightly faster rate than the Zircaloy-2 when 
tested under identical conditions in a boiling water 
reactor. 

b. Thereis little difference in the corrosion rate 
on the inside surface of the clad in the Zr-2 and 
Zr-4 defected rods. However, the corrosion rate 
of both materials on the inside surface of a defected 
rod is more than twice that on the outside surface. 

c. The higher corrosion rate on the inside sur- 
face of the defect rods seems consistent with rates 
expected at inside clad temperatures estimated 
from heat transfer calculations. Continued opera- 
tion of intentionally defected Zr rods to evaluate 
performance at longer exposures may provide in- 
formation on the effect of other potential factors, 
such as a reduction in the corrosion resistance of 


the clad resulting from the impregnation of the clad 
with fission fragments. 


Also included in the VBWR irradiations under 
the Fuel-Cycle Program are 10 special fuel 
assemblies, whose status as of March 1963 is 
summarized in Table IV-4. Assembly 1L was 
designed to study the lifetime performance of a 
UO, fuel element operated near the melting point 
of UO, at the center line. The maximum heat 
flux of 1L was 530,000 Btu/(hr)(sq ft) during ir- 
radiation, and the assembly contained one pur- 
posely defected rod; the cladding of all rods in 
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Table IV-2. STATUS OF THE BASIC FUEL ASSEMBLIES IN THE FUEL-CYCLE PROGRAM"! 





Burnup, Mwd/ton* 








Peak 
Assembly Average Average specific Peak 
designation of for lead power,t heat flux, 
and cladding Number group assemblyf kw/kg Btu/(hr)(sq ft) 
H, annealed S.S. 
(control-rod follower) 10 5,191 6,231 34.4 367 ,000 
I, cold-worked S.S. 16 4,564 5,803 36.6 405 ,000 
J, Zircaloy 24 3,849 6,176 37.5 382 ,000 





*Burnup that existed at the end of run 155 which was completed on Mar. 24, 1963. 
Peak exposure is about 1.65 times this value. 
{These values were attained in the quarter starting January 1963. 


Table IV-3 COMPARISON OF THE BASIC FUEL ASSEMBLIES WITH FUEL 
CONDITIONS IN OTHER REACTORS” 


























Average overall fuel Peak location 
Specific Power Heat flux, Specific Power Heat flux, 
power, density, Btu/(hr) (sq ft) power, density, Btu/(hr)(sq ft) 
kw/kg kw/liter x 1079 kw/kg kw/liter x10" 
Fuel-cycle program 
(run 153) 
H, S8.S.-clad control- 
rod followers 38.5 53.4 238 78.5 163 377 
I, S.S. cladding 30.0 51.4 184 65.0 112 420 
J, Zircaloy cladding 31.2 53.1 204 73.7 126 448 
Dresden, first core 12.4 31.2 99 35.6 90 285 
Big Rock Point, 
50 Mwée), first core 16.5 45.0 110 52.6 144 352 
Table IV-4_ STATUS OF SPECIAL FUEL ASSEMBLIES" 
> * 
Specific iat meee od eine Accumulated} 
power, * exposure, 
Assembly Concept kw/kg Average Peak Mwd/ton 
1L Centermelt t t t 4075 
4L Low-temperature 
sintered pellets t t t 234 
5L Coextruded UO, and 
S.S. cladding 33.9 223 364 4592 
6L Zircaloy-4 cladding 16.8 145 287 1075 
7L S.S.-lined Zircaloy-2 35.6 224 383 4303 
8L 0.005-in. S.S.-clad 
pellets t t t 2553 
9L Thermal-conductivity 
improver 30.9 233 385 907 
10L 0.005-in. S.S. cladding 
over powder 19.2 116 211 396 
11L Extruded UO, t t t 180 
12L Burnable poison 15.4 110 191 307 
2L Undefined§ 
3L Undefined§ 





*Peak condition during VBWR run 155. 

+Exposures are through VBWR run 155, which was completed on Mar. 24, 1963. 
tNot irradiated during VBWR run 155. 

§Held in reserve for future use. 
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the assembly was stainless steel with an outside 
diameter of 0.515 in. Destructive examination 
of one of the rods revealed that center melting 
of the UO, did not occur, and large columnar 
grains were observed in the region from the 
center of the pellet to a distance of about one- 
half the radius. A narrow band of fine grains 
occurred at midradius and separated the as- 
sintered structure from the grain-growth re- 
gion. This was interpreted to mean that recrys- 
tallization of the UO, occurs prior to grain 
growth. 

Assembly 4L has had a varied history. It 
originally contained three rods made by hot- 
gas isostatic pressing of UO, in Stainless-steel 
cladding, a specially designed rod known as the 
“centermelt” calibration test rod and other rods 
of conventional fabrication. 

The gas-pressure-bonding technique was de- 
veloped in a 2'4-year study done at Battelle 
Memorial Institute and is described in Refs. 
13 to 15. Briefly, the process consisted of fab- 
ricating UO, pellets by cold-pressing the oxide 
powder and a binder at 50 tsi. The pellets were 
loaded into type 304L stainless-steel tubing, and 
end caps were added; the assembly was then 
heated and cooled, evacuated to 5 yu, and sealed. 
The rod was then subjected to 10,000 psi for 
3 hr at 2100°F, swaged from 0.404 to 0.400 in. 
in outside diameter, and pressure bonded for 2 
hr at 10,000 psi and 2100°F. This produced an 
average UO, density of 96.3% of theoretical. 
The rods produced in this manner were irradi- 
ated to an exposure of 693 Mwd/ton with a peak 
heat flux at 370,000 Btu/(hr)(sq ft). After irra- 
diation the 4L assembly was damaged, and it 
was stored in the VBWR pool for about five 
months. In the process of handling the isostati- 
cally pressed rods, all three of them broke into 
a total of about 15 pieces. The evaluation of the 
failed isostatically pressed fuel rods is reported 
on in Ref. 16, and the conclusion is that inade- 
quate removal of the binder from the UO, re- 
sulted in a very high carbon content ofthe clad- 
ding. In the resulting sigma phase, carbides and 
ferrite formation at the grain boundaries led to 
intergranular corrosion and cracking. 

The centermelt calibration rod irradiated in 
assembly 4L was an oxide rod which was 1% in. 
in outside diameter and which contained 1.235- 
in.-diameter pellets; the peak heat flux was 
535,000 Btu/(hr)(sq ft). The rod was examined 
remotely after irradiation. The oxide fuel had 
been molten, and it was established that fuel 
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ran from the upper part of the rod to the lower 
part. Plastic deformation of the cladding was 
evident, and it is suggested’ that this was caused 
by the relatively greater expansion of the hot 
UO, compared to the cladding. It was also con- 
cluded that “...A sintered uranium dioxide 
body may initially operate with a molten central 
portion which subsequently totally or partially 
solidifies during operation because of the in- 
creased thermal conductivity due to the growth 
of columnar grains.”’ This mechanism was dis- 
cussed in Power Reaclor Technology, 6(2): 
36-37. 

After the failure of the isostatically pressed 
fuel rods, the 4L assembly was rebuilt with 
three rods containing low-temperature sintered 
pellets produced by United Nuclear Corporation, 
three rods (including one intentionally defected) 
of UO, coextruded with the stainless-steel clad- 
ding, one intentionally defected rod containing 
UO, pellets clad with stainless-steel-lined 
Zircaloy-2, and nine standard rods. As indi- 
cated in Table IV-4, the assembly had received 
relatively modest burnups up to March 1963. 
The low-temperature sintered pellets involve 
sintering at 1100 to 1300°C, rather than the 
more customary 1600 to 1700°C. The design 
and fabrication of the fuel rods containing low- 
temperature sintered pellets are covered in 
Ref. 17. 

Assembly 5L contains 12 rods fabricated by 
high-temperature coextrusion. The irradiation 
cycle for this assembly started in August 1961, 
whereas irradiation of the three coextruded rods 
in assembly 4L started in July 1962. The de- 
sign and fabrication of the coextruded rods are 
covered in Refs. 18 and 19. The process con- 
sists in coextruding UO, and type 304 stainless- 
steel cladding. As of March 1963 assembly 5L 
had reached a modest burnup and apparently 
was operating satisfactorily. 

Assembly 6L consists of rods containing UO, 
pellets clad with Zircaloy-4. An intentionally 
defected rod was included in assembly 6L but 
has been replaced with a sound rod. Assembly 
7L contains fuel rods clad with Zircaloy-2 co- 
extruded with approximately a 1-mil stainless- 
steel lining. This lining is present to prevent 
corrosion of the Zircaloy-2 by steam that would 
be formed if any water should leak into the ele- 
ment. Both assemblies are reported to be in 
satisfactory condition, although fretting corro- 
sion was noticed on assembly 7L, and the rods 
had to be transferred to another fuel-rod bundle 


| 
} 


| 
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frame owing to damage to the upper tie plate. 
Spring clips were then added to reduce the pos- 
sibility of fretting. 

Assemblies 8L and 10L test the concept of 
thin, collapsed cladding. The former assembly 
contains 0.370-in.-OD UO, pellets, whereas the 
latter assembly contains UO, powder compacted 
by vibratory techniques. Assembly 8L was in- 
serted in the VBWR in November 1961; since 
the thin cladding prohibits high internal gas 
pressures, a plenum length of 7.0 in. is pro- 
vided. To prevent collapse of the gas plenum, it 
was necessary to provide support to the clad- 
ding in the plenum area, and this was done by 
using an external plenum support with a wall 
thickness of 0.017 in. on six of the rods and by 
using an internal plenum support with a wall 
thickness of 0.016 in. on the remaining six rods. 
The four corner rods of assembly 8L are con- 
structed of noncollapsed 20-mil cladding and 
are arranged as shown in part b of Fig. IV-1. 
One collapsed-cladding rod was _ intentionally 
defected with a 10-mil hole in the plenum area. 
The type 304 stainless-steel cladding was cold 
worked, with a room-tempergture yield strength 
of about 110,000 psi (nonirradiated). The de- 
fected rod was installed in the assembly in 
February 1962, and the activity release from 
the defected rod was stated to be’ less than 5 
uc/sec. In August 1962 the assembly was trans- 
ferred to a hot cell for visual examination. Ref- 
erence 9 states: 


(1) At least two fuel rods were cracked, one in 
the area of maximum heat flux, the other in a wrin- 
kled plenum area. 

(2) Three rods were wrinkled in the plenum area. 
The wrinkling occurred in rods containing internal 
plenum supports. 


Four of the damaged or failed fuel rods were 
destructively examined, and the details are given 
in Ref. 11. The following comments pertain to 
the fuel rod exhibiting a crack in the peak heat 
flux region:'! 


The cause of cracking of this rod is apparently 
strain cycling fatigue. The differential thermal ex- 
pansion of the UO, and clad during operation of 
the fuel rod at the peak heat flux condition, about 
500,000 Btu/hr-ft?, would have caused a calculated 
plastic diametral deformation in the clad of 0.002 
inch. When power is reduced after plastic strain 
of the clad, the contraction of the UO, leaves an 
equivalent gap between the clad and UQ,. If the gap 
is as large as these calculations indicate, there is 
high probability that collapse under the 1000-psig 
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coolant pressure would have caused a wrinkle. Re- 
peating cycling of this wrinkle after formation prob- 
ably led to fatigue cracking. Metallurgical examina- 
tion of the clad crack supports this conclusion .... 
The clad in the failure region appears to be slightly 
harder than the clad inthe non-failure region. This 
increase in hardness may be caused by work hard- 
ening during the cycling. 


The four rods destructively examined were re- 
placed with four rods that had 5-mil annealed 
collapsed cladding. 

Assembly 10L was placed in-pile in February 
1963. The assembly contains rods utilizing both 
cold-worked and annealed tubing and arc-fused 
and Dynapak UO, powders. The latter process, 
developed at Hanford Atomic Products Opera- 
tion (HAPO), involves the densification of the 
powder by drop forging. Six fuel rods are filled 
with the Dynapak powder with as-packed densi- 
ties of about 84%. Ten rods are filled with arc- 
fused powder with as-packed densities of 84.3 
to 84.9%. Additional data on assembly 10L are 
given in Table IV-5. 


Table IV-5 ASSEMBLY 10L DESIGN’ WITH 
THIN STAINLESS-STEEL CLADDING OVER UO, POWDER 





UO, enrichment 6% Us 
Cladding material Type 304 S.S. 
Cladding thickness, in. 0.005 
Number of rods 16 

Rod outside diameter, in. 0.385 


Rod spacing, in. 0.76, center to center 





Irradiation of assembly 9L began in August 
1962. The purpose of the irradiation is to evalu- 
ate an attempt to improve the thermal conduc- 
tivity of UO, by the dispersion of molybdenum 
through the oxide. Two methods of dispersion 
were used to prepare a total of six rods for in- 
corporation in the 9L assembly. One approach 
was to mix molybdenum fibers with the oxide 
powder before the pressing of the pellets; inthe 
second approach the individual oxide particles 
were coated with molybdenum metal prior to 
pressing. Three rods were fabricated using the 
fiber process, and three others were fabricated 
using the coating process. The remaining rods 
in the assembly are of conventional construc- 
tion. Whether the molybdenum will improve the 
thermal conductivity of the fuel is yet to be de- 
termined. Table IV-6 gives design data on as- 
sembly 9L. 

Assembly 11L consists of fuel rods filled with 
UO, extrusions. The extrusions were supplied 
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Table IV-6 





~ 


Vol. 7, No. 


ASSEMBLY 9L DESIGN’ THAT MAY IMPROVE 


THERMAL CONDUCTIVITY 





Cladding material 

Cladding thickness, in. 

Fuel-rod outside diameter, in. 
Fuel-pellet outside diameter, in. 
Number of rods 


Two rods contain 6.4% enriched UO, 


pellets (controls) 
Three rods contain 24 in. of 8.0% 


enriched UO, pellets containing 20 
vol.% molybdenum fibers and 12 


in. of 6.4% enriched UO, pellets 
Three rods contain 24 in. of 8.0% 


enriched molybdenum-coated UO, 
pellets and 12 in. of 6.4% enriched 


UO, pellets 
Rod spacing, in. 
UO, density 


Type 304 S.S. 
0.020 
0.515 
0.471 


8 


1.03, center to center 

95% of theoretical density for 
UO, pellets 

95% of theoretical density for 
UO,-Mo pellets 





by Allis-Chalmers Mfg. Co. and Compagnie In- 
dustrielle des Combustibles Atomiques Frittés 
(CICAF) of France. The extrusions were to be 
about 6 in. long, although the extrusions pre- 
pared by CICAF ranged in length from 0.3 to 
6.06 in. One each of the rods containing the two 
extrusion types was purposely defected by means 
of a 13-mil hole through the cladding in the 
plenum region. The assembly has been irradi- 
ated for only a short burnup, and little informa- 
tion is available as to the usefulness of the fab- 
rication technique in producing acceptable fuel 
material. Data on the 11L design are given in 
Table IV-7. 

Assembly 12L, the last special assembly, was 
inserted in the VBWR in February 1963. The 
basic purpose of the element is to study the be- 





Table IV-7 ASSEMBLY 11L DESIGN WITH 
EXTRUDED UO, 
UO, enrichment, % 5.5 
Cladding material Type 304 S.S. 
Cladding thickness, in. 0.022 
Rod outside diameter, in. 0.539 


Number of rods 16 
Six rods are filled with 
extrusions from CICAF 
Six rods are filled with 
extrusions from Allis- 
Chalmers 
Four rods are filled with 
pellets 
Fuel outside diameter, in. 
Fuel density, % 


0.485 + 0.002 
97% of theoretical density 








havior of boron burnable poison when the boron 
is alloyed into the stainless-steel cladding and 
when the boron is intimately mixed with the fuel. 
Table IV-8 illustrates the fabrication details of 
each rod in assembly 12L. It is evident from 
Table IV-8 that the assembly also is intended 
to give information on the relative merits of 
annealed and cold-worked cladding material. 
The assembly had received only modest burnup 
by March 1963. 


High-Power-Density (HPD) 
Development Project ?’-**”” 

The HPD research and development program 
was begun in February of 1960 andisa program 
in support of the Consumers Power Company 
boiling-water reactor plant at Big Rock Point, 
Mich. References 20 to 26 are selected quar- 
terly progress reports dealing with the project. 
The HPD program is divided into four tasks as 
follows: 


1. Task IA— High Power Density Fuel Develop- 
ment. This task will evaluate the feasibility and 
the performance of a partial reactor core operating 
in the VBWR at high powerdensity and utilizing fuel 
elements manufactured from available fabricating 
processes. 

2. TaskIB— Fuel FabricationDevelopment. De- 
sign, fabrication, irradiation and examination of 
high power density fuel elements with potentially 
low fabrication costs is the objective of this task. 

3. Task II—Stability and Heat Transfer Devel- 
opment. This task will evaluate analytically and by 
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Table IV-8 DESCRIPTION’ OF BURNABLE-POISON ASSEMBLY 12L 








Rod 
No. Fuel data enrichment Cladding data 
Controls (No Poison) 
A-l V Raehy-comnniet are-fused powder, 5.4 Type 304 S.S. annealed, ~40,000-psi 2% yield strength, 
85% of theoretical density . a j a: Oa . 
iz : * : = 0.485-in. outside diameter by 0.011-in. wall 
B-1 Pellets, 95% of theoretical density 5.5% . 
Borated Cladding but No Poison in Fuel 
C-1 All rods vibratory-compacted arc-fused 6.6% C-1 Annealed, ~45,000-psi 0.2% yield strength 
powder, 85% of theoretical density 
C-2 C-2 Cold worked, ~70,000-psi 0.2% yield strength 
C-1, C-2 500 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011 -in. wall 
C-3 C-3 Annealed, ~45,000-psi 0.2% yield strength 
C-4 C-4 Cold worked, ~70,000-psi 0.2% yield strength 
C-3, C-4 C-3, C-4 750 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
D-1 All rods pellets, 95% of theoretical 6.6% D-1 Annealed, ~45,000-psi 0.2% yield strength 
density 
D-2 D-2 Cold worked, ~70,000-psi 0.2% yield strength 
D-1, D-2 D-1, D-2 500 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
D-3 D-3 Annealed, ~45,000-psi 0.2% yield strength 
D-4 D-4 Cold worked, ~70,000-psi 0.2% yield strength 
D-3, D-4 D-3, D-4 750 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
Poison in Fuel but No Poison in Cladding 
E-1 Vibratory-compacted arc-fused powder, 6.6% /5.5% E-1 Type 304 S.S. annealed, ~40,000-psi yield 
85% of theoretical density, poisoned strength, 0.485 in. by 0.011-in. wall 
with 50 ppm BN as BeO-coated ZrB, 
particles 
E-2 Vibratory-compacted and swaged arc- 6.6% /5.5% E-2 Type 304 S.S. swaged, ~135,000-psi yield 
fused powder, 92% of theoretical den- strength, 0.485 in. by 0.017-in. wall 
sity, poisoned with 50 ppm BN as 
BeO-coated ZrB, particles 
Poison in Fuel but No Poison in Cladding 
F-1 Vibratory compacted arc-fused powder, F-1 Type 304 S.S. annealed, 40,000-psi yield 
85% of theoretical density, poisoned strength, 0.485 in. by 0.011-in. wall 
with 50 ppm BN as molybdenum- 
coated ZrB, particles 
F-2 Vibratory compacted and swaged arc- F-2 Type 304 S.S. swaged, 135,000-psi yield 
fused powder, 92% of theoretical den- strength, 0.485 in. by 0.017-in. wall 
sity, poisoned with 50 ppm BN as 
molybdenum-coated ZrB, particles 
G-1 Vibratory compacted arc-fused powder, G-1 Type 304 S.S. annealed, 40,000-psi yield 


85% of theoretical density, poisoned 
with 50 ppm BN as ZrBy particles 

G-2 Vibratory compacted and swaged arc- 
fused powder, 92% of theoretical den- 
sity, poisoned with 50 ppm BN as 
ZrB, 


strength, 0.485 in. by 0.017-in. wall 


G-2 Type 304 S.S. swaged, 135,000-psi yield 
strength, 0.485 in. by 0.017-in. wall 





test the transient behavior and stability character- 
istics of the HPD reactor, and will determine by 
test the heat transfer and fluid flow characteristics 
of the core, using elements simulating core char- 
acteristics. 

4. Task III— Physics Development. This task 





involves the physics evaluation of control require- 
ments and hot spot reduction; the physics and engi- 


neering conceptual design of a 300 Mwe high power 
density reactor; and the physics and engineering 
required to design, procure and put into operation 
a computer for scheduling control. 

5. Task IV—Operational Planning and Test Co- 





ordination. The coordination of the R & D program 


between tasks, with Design Engineering, and with 
the AEC and Consumers is a major function of this 
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task, as is the design of tests and the procurement 
of instrumentation. 


This review considers only Tasks IA and IB. 
Under the HPD program (Task IA) 24 fuelas- 
semblies have been fabricated and irradiated in 
the VBWR. These consisted of four 16-rod fuel- 
follower assemblies and twenty 25-rod test as- 
semblies. The fabrication of these assemblies 
is detailed in Ref. 27, and the constructional 
details of the assemblies are given in Table 
IV-9. Groups A and B assemblies are control- 
rod follower assemblies. The Group C assem- 
blies duplicate the Consumers Power Company 
reactor first core fuel assemblies with respect 
to cladding stress and diametral gap, but a 
single-layer spacer is used. The spacer designs 
and the fuel bundle itself are shown in Fig. IV-4. 
Bundle 3C contains fuel pellets that have been 
ground to several different diameters to simu- 
late the variability of unground pellets. Group D 
includes variations in diametral gap, pellet tol- 
erance, cladding thickness (the 12-mil cladding 











S.S-Clad Sintered UO» 
Fuel Pellets 
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will be collapsed owing to reactor pressure), 
and the metallurgical condition of the cladding 
(cold worked or annealed). Group E assemblies 
are designed to duplicate the first core fuel in 
the Big Rock Point Reactor as closely as pos- 
sible; one fuel element is instrumented for inlet 
and exit coolant flow rates, pressures, and tem- 
peratures and contains a flux monitor tube in 
place of the center fuel rod. Group F assem- 
blies were built of fuel rods having lengths of 
about 5 ft rather than the normal length of 
slightly over 3 ft. Group G assemblies incor- 
porated variations in diametral gap and cladding 
conditions. The fuel rods were swaged to pro- 
duce a controlled pellet-cladding gap; the proc- 
ess reduced the pellet-cladding gap an average 
of about 5 mils. 

Twenty-two of the 24 fuel assemblies were 
placed in the VBWR in September of 1960; the 
remaining two assemblies, the instrumented 
ones, were placed in the core during June 1961. 
A difficulty was experienced with the spacers 


Lower Tie Plate 





Wire Spacer Detail 


Fig. IV-4 Typical high-power-density VBWR fuel bundle.”’ 
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on E and F assemblies. The F bundles, with 
their 5-ft rods, have two spacers between the 
upper and lower tie plates, whereas the E as- 
semblies, with 3-ft rods, have one spacer. These 
assemblies employed prototype spacers that 
were held in position by wires running between 
the spacers to the upper and lower tie plates. 
Quoting from Ref. 22: “It appears that the prob- 
lem of breaking axial tie wires and skidding the 
spacers on bundles 1E-5E and 1F is one that 
will plague us through the remaining period of 
irradiation. Though it is a problem and cer- 
tainly points to the elimination of this method 
for axial spacer location, it is not expected that 
this will affect the performance of the fuel or 
the information available from it, after irradi- 
ation.” From the references it is not clear what 
the difference was between the method of lo- 
cating the single-layer spacers and the proto- 
type spacers or why the latter method would be 
giving trouble and the former method would not. 

As of June 1963 some of the assemblies had 
reached peak burnups above 10,000 Mwd/ton. A 
total of 15 assemblies had been removed from 
the VRWR because of failed fuel rods. The ir- 
radiation exposure data on the sound assemblies 
are given in Table IV-10, and data on the fuel- 
rod failures are given in Table IV-11. Prelimi- 
nary observations are quoted as follows:”° 


1. The cracks are predominately intergranular 
in nature, starting at the fuel rod outer diameter 
and eventually penetrating the clad thickness. 

2. No grain boundary precipitates have been ob- 
served which may account for the intergranular 
cracking. 

3. All of the failed fuel rods were clad with 304 
stainless steel tubing purchased with an initial room 
temperature yield strength of 90—95,000 psi. 

4. All of the cracks have occurred in the peak 
heat flux region of the fuel rods. 

5. All of the cracks occurred in rods which had 
operated at peak surface heat fluxes in excess of 
380,000 Btu/hr-ft?. 


In addition to the HPD project fuel elements 
listed in Table IV-9, a total of seven special 
elements (Task IB) have been irradiated in the 
VBWR. The fabrication details of these elements 
are given in Table IV-12, and their irradiation 
exposure data through December 1962 are listed 
in Table IV-13. The fabrication of these ele- 
ments comes under Task IB of the HPD project, 
and it is evident from a consideration of Table 
IV-12 that the Task has studied a number of ad- 
vanced methods for the fabrication of fuel rods. 
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These include tandem rolling, electromagnetic 
vibratory compaction, pneumatic vibratory com- 
paction, swaging employing powder fuel, and 
swaging employing pelletized fuel. The vibra- 
tional compaction of oxide is covered ingreater 
detail in Ref. 28, and Refs. 29 to 31 report on 
fabrication of fuel elements by swaging. 

Also included in Task IB is the preparation 
of eight developmental fuel assemblies for ir- 
radiation in the Consumers reactor. Each as- 
sembly contains 121 fuel rods of 6-ft length. 
The bundle is shown in Fig. Iv-5.222 Four of 
the assemblies contain rods prepared by the 
swaged-pellet process, whereas the other four 
assemblies contain swaged powder fuel rods. A 
functional description of the components shown 
in Fig. IV-5 is as follows: 


Spacer Laterally positions fuel rods with re- 
spect to each other and the channel 
Adds stiffness to the corner angles 


and ties them together 


Transmits force 

Positions the spacers axially 

Provides protection to the fuel rods 
during insertion and removal from 
channels by being the outermost 
part of the fuel bundle 


Corner angle 


Supports the weight of all fuel rods 
and transmits this force to the 
corner angles 


Support 


Provides a handle without obstruct- 
ing fuel-rod removal 

Transmits the weight of the fuel bun- 
dle from the corner angles to the 
lifting device 


Weldment 


Prevents withdrawal of fuel rods 
Adds stiffness to the weldment 


Retainer 


The special assemblies 8S, 9S, and 10S which 
are being irradiated in the VBWR, as well as 
assembly 4S, are prototypical of the Consumers 
development fuel, or they contain mechanical 
design features representative of the research 
and development fuel assembly. Table IV-14 
lists the Task IB failure data as of June 1963. 
High-Performance UO Program*>~“* +46 

This program is a joint USAEC-Euratom 
program “.,.to obtain a better understanding 
of the maximum achievable operating charac- 
teristics of UO, as a reactor fuel.”® The pro- 
gram is divided into three major tasks, as 
follows: 
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Fig. IV-5 Preliminary development of fuel bundle.” 


Task I— Measurement of Fission Gas Pressure 





in Operating Fuel Elements. Objective: Direct 
measurement of fission gas pressure in UO,-filled 
fuel rods, as functions of temperature and fuel con- 
figurations. Measurements to be made over an ex- 
tended period of time during transient and steady- 
state reactor operation. 

Task IIA— Loop Modification. Objective: Design, 
fabrication and installation of GETR Pressurized 
Water Loop modifications required by Task IIB ex- 
perimental program. 

Task IIB— Performance of UO, Fuel. Objective: 
Obtain a relationship between the amount of fuel 
rod central melting and the burn-up that can be at- 
tained before fuel-cladding interaction results in 
rod failure. 











A number of progress reports have been issued 
and are cited as Refs. 35 to 41. 

The results obtained under Task I of the UO, 
program are summarized in Ref. 42. The pres- 
sure transducer used in the reactor is shown 


schematically in Fig. IV-6; briefly, the pres- 
sure within the fuel rod was measured by in- 
creasing the pressure in the tube connected 
with the source of equalizing pressure until the 
contacts opened. The fuel elements listed in 
Table IV-15 were studied. The temperature 
profiles in the elements were calculated using 
the UO, conductivity data of Bates“ and some 
unpublished UO, conductivity data of Lyons. 
For comparison these data are shown in Fig. 
IV-7. Equivalent gap conductances of 440 and 
1762 Btu/(hr)(sq ft)(°F/ft) were assumed. The 
results are quoted as follows: 


... These experiments have indicated that fission 
gas release is negligible from UO, operated below 
the recrystallization temperature. For operation at 
higher power levels the fractional fission gas re- 
lease is directly comparable to the volume fraction 
of fuel operating above the recrystallization tem- 
perature. 
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Table IV-14 
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TASK IB FAILURE DATA* 





Exposure in 
failure location, 
Mwd/ton of U 


Heat flux in 
failure location 
(peak), 
Btu/(hr)(sq ft) 


Remarks 





Task IB 

fuel Location of failed 
assembly rod(s) 

18 None 


1SM None 


28 One 0.016-in. rod, one 
0.010-in. interior rod 


38 Four corner pellet rods 
35 Two tandem-rolled rods 
48 None 

5S cy 

6S Two rods, B and D, 


adjacent to corners on 
one side 

78 One swaged exterior rod 
adjacent to corner 


8S* One corner rod 

9S 
10S* One corner pellet rod 
118 


7,100 


7,183 


8,441 


6,100 


5,638 


3,387 


385,000 


380,000 


410,000 


460,000 


No failures; see 1SM 

1SM has been reconstituted from fuel 
rods originally in 3S and 1S, the 
purpose being to allow irradiation 
to continue on the tandem-rolled 
rods 

Longitudinal crack ~8 to 9 in. long in 
0.010-in. cladding; RML ultrasonic 
examination revealed crack in 
0.016-in. cladding 

Gross longitudinal cracks varying to 
very small intergranular and 
transgranular cracks; RML metal- 
lurgical examination performed on 
one corner rod 

Two tandem-rolled rods show indica- 
tions of cracks by ultrasonics 

No failures 

Ultrasonic techniques show many 
small indications; cracking not ob- 
served visually 

Large cracks visible in two rods 


Longitudinal crack, ultrasonic tech- 
niques verified; RML examination 
planned 

Small cracks* visible in one rod 

No failures 

Small longitudinal crack* in one rod 

Bundle has not been irradiated to 
date 





*Some difficulty in verification exists among several observers. Ultrasonic examination will be performed. 


Table IV-15 FUEL RODS IRRADIATED WITH PRESSURE TRANSDUCERS” 








Rod Rod Rod Rod Rod Rod 
S-1 S-1A S-2 8-3 P-1 P-2 
Enrichment, % 4.0 4.0 7.08 3.84 3.0 6.65 
Fuel density p/po, % 98 98 98 93.2 89.4 90.0 
Fuel type Pellet Pellet Pellet Pellet Powder Powder 
Fuel diameter, in. 0.496 0.496 0.481 0.496 0.500 0.500 
Maximum heat flux 348* 334* 532* 348* 223t 453t 
Maximum burnup,t 
Mwd/ton 1549 1718 3115 1712 674 1270 
Gap, in. 0.004 0.004 0.014 0.004 
Fuel weight, g 95 880.5 897 935 945 946 
Fuel length, in. 28.6 26.3 28.3 28.5 28.75 27.5 
Void volume, em? 5.5 3.5 9.6 4.4 6.3 3.9 
Typical oxygen-to- 
uranium ratios 2.008 2.007 





*Heat flux was 1000 Btu/(hr)(sq ft) in position N-10 at 36 Mw of reactor power. 
TtAt time of removal from reactor. 
tHeat flux was 1000 Btu/(hr)(sq ft) in position O-10 at 40 Mw of reactor power. 
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These conclusions are based on data taken with 
rod S-2, since the other rods experienced me- 
chanical difficulties or were of insufficient en- 
richment to get the maximum temperature 
above the recrystallization temperature. 

The direct measurement experiment was ter- 
minated on Sept. 12, 1962. Presumably no fur- 
ther irradiation of the transducer-equipped rods 
will be made, although the results reported to 
date indicate that the technique is feasible. It 
would be of interest to irradiate the powder- 
filled rods at a higher heat flux, if possible, for 
comparison to the pellet-filled-rod gas release. 

Task IIA is concerned primarily with modifi- 
cation and operation of a pressurized-water loop 


a 


_ Fuel Rod 


a 








Capillary 


Diaphragm 


























Contacts 


Electrical Conductor 
aa 


Tube to Source of 
io Cecatsine Pressure 











42 


Fig. IV-6 Schematic of transducer. 
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in the General Electric Test Reactor (GETR). 
This loop, the PWL loop, is being used to irra- 
diate samples under the High-Performance UO, 
Program (HPP). The loop can accommodate a 
rod bundle composed of four rods, each with an 
outside diameter of about Y, in. and an active 
length of 34 in. Another facility used for the 
program is the so-called “Trail Cable” facility. 
This facility, a part of the GETR installation, 
can accept a single fuel rod of the same geome- 
try as that to be employed in the PWL loop with 
the exception of length; the Trail Cable capsule 
has a length of 5 in. The Trail Cable facility 
was used to obtain calibration data on the UO, 
before the full-length rods were irradiated in 
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Table IV-16 OPERATING DATA FOR PWL LOOP: 
HIGH-PERFORMANCE UO, PROGRAM 








GETR PWL Approximate 
cycle assembly Burnup, peak heat flux, 
No. No. Mwd/metric ton Btu/(hr)(sq ft) 
33 EPT-6 1180 630,000 
34 EPT-8 1442 790,000 
35 EPT-10 1182 1,010,000 
36 to 39 EPT-COM 1516 1,200,000 
40 EPW-6/8 9.8 722,000 
40 EPW-6/8A ib PY j 800,000 
41 EPT-12 2239 1,350,000 
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the PWL loop. The operation of the Trail Cable 
facility was coordinated with remote metallurgi- 
cal examinations of the irradiated capsules to 
obtain as much information as possible concern- 
ing UO, temperature distribution and thermal 
conductivity. 

The nomenclature for the assemblies irradi- 
ated in the PWL loop is given in Table IV-16, 
along with other pertinent data. The results of 
the first three experiments involving EPT-6, 
-8, and -10 are summarized in Ref. 40. The ir- 
radiation conditions are summarized in Table 
IV-17. The fuel rods contained sintered UO, 
pellets that had 95% of the theoretical density, 
a diameter of '/, in. (nominal), and a total active 
length of 34 in. The results of the postirradia- 
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tion examinations indicated increases in the 
fuel-rod diameter, and the increase in the fuel- 
rod volume corresponding to the increase inthe 
outside diameter is shown in Fig. IV-8. Refer- 
ence 40 makes the following comment on the 
swelling: 

Considered as an entity, all of the different bits 
of evidence collected in the above post-irradiation 
examination point to anassociation between the clad 
swelling and the UO, melting that occurred in the 
fuel rods. Recent measurements have indicated a 
fairly large volume increase (~7 percent) in UO, 
upon melting ... which could generate the neces- 
sary force to produce clad swelling .... 


Surprisingly, similar rods that had been irra- 
diated in the Trail Cable facility had not ex- 


Table IV-17 PARAMETERS FOR EURATOM PWL FUEL-ASSEMBLY IRRADIATION 








Fuel-rod 
peak surface Assembly 
Fuel Fuel-column heat flux thermal Average 

Assembly enrichment, length, (average), power, burnup, Irradiation 
designation % in. Btu/(hr)(sq ft) kw Mwd/ton period 

EPT-6 155 34 +4 1, 645,000 200 1180 4/23/62 to 5/19/62 

EPT-8 2.2 34+ y, 895,000 260 1442 6/1/62 to 6/24/62 

EPT-10 3.0 31 + y, 1,010,000 310 1182 7/3/62 to 7/19/62 
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Fig. IV-8 Fuel-rod volume increase vs. peak sur- 
face heat flux at startup.” 


hibited dimensional changes after operating at 
similar thermal performance. This difference 
has been attributed to the different lengths of 
the two rods. In the long PWL fuel rod, the 
molten oxide was contained between two rela- 
tively cold, nonplastic sets of fuel pellets, 
whereas the short Trail Cable rod contained a 
molten core over essentially its whole length, 
and the molten oxide expanded into a plenum. 
Metallographic examination of a transverse 
section of one of the rods in assembly EPT-10, 
at the point of maximum swelling, revealed 
cracks along the outer portion of the cladding 
surface. Probably some had propagated through 
the cladding, since puffs of fission gas had been 
noted during operation of EPT-10. 

Since expansion of molten UO, was responsi- 
ble for the cladding swelling, the EPT-COM 
assembly was designed with hollow oxide pellets 
to accommodate the expanded oxide. The hollow 
core was an 80- to 90-mil hole drilled in each 
of the fuel pellets at the center line. Figure 
IV-9 shows that extensive UO, melting and fuel 
relocation occurred during irradiation. The fuel 
in all four rods in assembly EPT-COM under- 
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Fig. IV-9 Fuel microstructure boundaries of a rod from assembly EPT-COM." 


went some center melting; but of the four, only 
one rod, the rod in which the heat flux was 
highest, was swollen. This result was inter- 
preted as an indication that the 80-mil hole was 
marginal for containing the UO, on melting, and 
assembly EPT-12 was designed with a 140-mil 
hole. Assembly EPT-12 was still in the GETR 
PWL loop as of the writing of Ref. 41 and ap- 
parently was performing satisfactorily.* The 
initial startup for the GETR, when the EPT-12 
assembly was in place, was programmed to 
prevent sudden power changes of appreciable 
magnitude, since it was desired to minimize 
severe internal volume changes in the fuel rods 
of EPT-12. 

Assemblies EPW-6/8 and -6/8A contained 
sSwaged-powder fuel rods. These were prepared 
from arc-fused powder, denitrided at 1650°C 
for 4 hr in H, before loading. The powder was 
vibrationally compacted into tubing that was 
0.656 in. in outside diameter by 30 mils in wall 
thickness (Zircaloy-2) and was swaged in two 





*A later progress report,“* however, notes that, 
during subsequent irradiation, assembly EPT-12 
failed with significant release of activity. 


passes to the final outside diameter of 0.565 in. 
The final oxide density was 90%. Several fuel 
rods were made by vibrational compaction 
alone — without swaging—to a final density that 
was 86% of theoretical. Assembly EPW-6/8, 
containing all swaged rods, underwent about 10 
hr of irradiation in the PWL loop; at that point 
the reactor scrammed owing to high radiation 
levels in the loop. Examination of the assembly 
revealed a longitudinal split in the cladding of 
the rod in the position of highest relative power 
for the assembly. Two of the sound rods from 
the assembly and two rods fabricated by only 
vibrational methods were reassembled into 
EPW-6/8A and placed in the PWL loop for 
GETR cycle 40. Soon after startup, when the 
power was being increased from 25 to 27 Mw, 
one of the two swaged rods failed; the failure 
occurred in the swaged rod having the higher 
power density. The details of the irradiation and 
subsequent examination of these assemblies are 
contained in Refs. 41 and 44. The following quo- 
tation illustrates current thinking on the causes 
of the failures:“! 


It should be emphasized that the RML investiga- 
tions of these two failures are incomplete. No firm 
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be made concerning the failure 
the examinations are finished. 


conclusion can 

mechanism until 
However, on the basis of the evidence presently 
available, the failures seem to be basically the re- 
sult of clad swelling similar to that previously ob- 
served in the pellet fuel rods. The magnitude of the 
clad swelling for a given surface heat flux in the 
case of the swaged fuel appears to be equal to or 
greater than that previously experienced with pellet 
fuel despite its lower fuel density .... This may 
be the result of lower thermal conductivity in the 
powder fuel with a resultant large degree of fuel 
melting. The clad swelling coupled with a generally 
less ductile cladding due to swaging resulted in ac- 
tual loss of the clad integrity. (The pellet fuel rods 
experienced significantly larger increases in di- 
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ameter than the first powder fuel rod failure and 
did not rupture.) 

It is likely that the first powder rod failure was 
associated with a localized weakness in the clad- 
ding. This conclusion is based on the failure being 
away from the zone of maximum swelling and the 
circumferentially nonuniform swelling of the UO, 
cross section in the failure zone. The source of the 
clad weakness has not been identified. 


The mechanism for the second powder rod fail- 
ure appears to have been much more complex. The 
failure was more severe than the first in terms of 
the activity release to the loop. 


A section of the cladding approximately v/ inch 
wide by one inch long was lost from the rod and 
the appearance of the remaining edges of the clad 
indicates that the clad had melted. The general di- 
ameter increase of the rod at the axial location of 
failure is approximately 80 Two possible 
mechanisms for the clad melting can be postulated. 
One is that a heat transfer ‘‘burnout’’ may have 
occurred at the failure zone as a result of flow 
starvation from the clad swelling, particularly if 
the swelling at the failure orientation significantly 
exceeded the uniform swelling measured at the 
cross section. A second is that the clad may have 
fractured, expelling the outer rim of unmelted fuel 
and permitting molten UO, to contact the cladding. 
The post-irradiation examination has produced 
some evidence favoring the latter theory. The loss 
of fuel. and cladding makes it difficult to obtain a 
complete picture of what occurred. 


mils. 


The vibratory compacted fuel rods had approxi- 
mately four percent lower density than the swaged 
fuel rods and do not appear to be subject to clad 
swelling, at least up to a heat flux of approximately 
800,000 Btu/hr-ft?. To confirm this conclusion it is 
planned to replace the original swaged powder as- 
sembly in the irradiation schedule for the program 
with fuel rods fabricated by vibratory compaction 
alone. This assembly [was] scheduled for irradia- 
tion in the GETR during April 1963. If this irradia- 
tion is successful, the remaining higher thermal 


Temperature ,°C 


Fig. IV-10 Thermal conductivity vs. temperature for 
UO, having 95% of theoretical density."! 


performance powder fuel rods will alsobe vibratory 
compacted. 


Analyses of irradiated pellet-fuel capsules in 
the Trail Cable facility have resulted in in- 
creased knowledge of fuel melting limits and 
thermal conductivity. Figure IV-10 summarizes 
the results from various experimenters; the 
integral of kdT from zero to melting tempera- 
ture has been experimentally determined as 
86+ 3 watts/em. The Trail Cable data in Fig. 
IV-10 do not indicate the improvement of UO, 
thermal conductivity at elevated temperatures 
which has been postulated elsewhere.” 
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Power Reactor Technology 





Period Meters 


It is well known that the time constants of 
devices for measuring neutron flux levels are 
long at low flux levels. For pulse type detectors 
this is a fundamental result of considerations of 
Signal-to-noise ratio. The instrument must ex- 
amine a relatively large number of pulses to 
determine whether an observed change in pulse 
rate represents a true change in the average 
flux level or a statistical fluctuation. Current 
type detectors (ion chambers) are, of course, 
subject to the same fundamental limitation, but 
often the time constant is set at some larger 
value by the practical necessity of producing a 
voltage signal of useful size across the inherent 
electrical capacitance of the detector and its 
connecting cable. 


The time constants of instruments used at low 
flux levels are of particular interest when the 
instruments provide period information, foritis 
evident that the instrument cannot assess the 
true period accurately unless its time constant 
is short relative to the period; and they are of 
particular importance because period informa- 
tion is often used to actuate low-level safety 
circuits. Two recent papers!” illuminate the 
behavior of period circuits at low flux levels by 
computing the period meter output as a function 
of time during a reactor power transient. Ref- 
erences 1 and 2 describe digital computer pro- 
grams for the Ferranti Mercury computer which 
compute the outputs of period meters during 
startup transients resulting from specified pro- 
grams of reactivity addition to the critical or 
subcritical reactor. The period meter con- 
sidered in Ref. 1 consists of a mean-level 
current ionization chamber, a vacuum diode for 
a logarithmic device, and the usual d-c ampli- 
fier, differentiator, and meter. The circuit 
elements that determine the dynamic response 


of the meter are Shown schematically in Fig. V-1. 
Reference 2 is similar to Ref. 1, except that it 
treats a period meter utilizing count rate as 
input. The detector is a pulse ionization chamber, 
and several diode pumps are used to give the 
logarithmic characteristic. The programallows 
for time delays in the diode pump circuits and 
in the period meter. 


The calculated response of a period meter, 
with the circuit characteristics listed in 
Fig. V-1, is shown in Fig. V-2 for a power 
excursion caused by the addition of reactivity 
at the rate of 2% per minute to an initially criti- 
cal reactor. The reactor assumed is graphite 
moderated, with an effective prompt-neutron 
lifetime of 1 x 10°° sec; however, the behavior 
is not sensitive to neutron lifetime over the 
range of periods in the figure. Of more signifi- 
cance is the assumed relation between reactor 
power level and ion chamber output. This is 
taken as 2x10 ° amp per watt of reactor 
power and in the actual case would be strongly 
dependent on the ion chamber location. 


In addition to the inverse periods, @, indi- 
cated by the period meter when the transient 
is initiated at various power levels, Fig. V-2 
shows plots of the true inverse period, a, of 
the reactor and the inverse period that would 
be indicated by the meter if the logarithmic 
amplifier were perfect, i.e., if the dynamic 
response of the circuit element shown in part a 
of Fig. V-1 were perfect. The curves for initial 
powers of 100 kw and higher correspond very 
closely to this curve. The reference points out 
that the dynamic response involves both a phase 
lag, which in Fig. V-2 causes the low-power 
curves to indicate periods that are much too 
long for a number of seconds after the beginning 
of the transient, and an overshoot that at some 
later time causes each low-power curve to rise 
above the curve for the perfect logarithmic 
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amplifier, a;. Thus, for example, if the period- 
meter indications were being used to actuate a 
scram at a period of 2 sec (a = 0.5), the scram 
would occur sooner if the transient started at a 
power of 100 watts than if it started at one of 
the higher (or lower) power levels considered. 
Similarly, if the scram were Set for a period of 
1.1 sec (@ =0.9), the initial power level of 
10 watts would provide the earliest scram. 
Usually a delay of several seconds in the 
recognition of a short period at very low power 
levels need not be interpreted as hazardous, 
inasmuch as the power must rise many decades 
before the level becomes dangerous (in Fig. V-2 
the power rise is of the order of 10° before 
the period meter begins to show a short period 
on the 1-watt curve). Curves like those of 
Fig. V-2 do, however, emphasize the importance 
of locating period sensors close enough to the 
reactor core to avoid large attenuation of the 
neutron flux. They are also useful tothe reactor 
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Fig. V-1 Schematic components of period-meter cir- 
cuit.! For the curves shown in Fig. V-2, the fol- 
lowing values were used for the circuit elements: 
C = 2000 picofarads; time constant of C;,R,; = 1.0 sec; 
time constant of C,,R,= 1.0 sec; gain of logarithmic 
element = 0.1 volt/neper (1 neper = 8.686 db); gain of 
differentiator = 10 sec. 
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Fig. V-2 Calculated indications of period meter dur- 
ing ramp addition of reactivity to an initially critical 
reactor.! The reactivity addition rate is 2% per min- 
ute, and the power levels indicated specify the reactor 
power at the beginning of the reactivity addition. The 
mean prompt-neutron lifetime for the reactor is 1 x 
10~° sec, the delayed-neutron characteristics are 
those of U**>, and the ion chamber sensitivity and lo- 
cation are such that the current is 20 wa at the full 
reactor power of 100 Mw. The characteristics of the 
period-meter circuit are given in Fig. V-1. 


operator for clarifying the observed perform- 
ances of period meters at low power levels. 


Transducers 


Input transducers are devices that transform 
a nonelectrical physical quantity into a meas- 
urable electrical quantity; transducers of vari- 
ous types are essential parts of nuclear reactor 
control systems. To incorporate these devices 
into a reactor system, the designer needs to 
know temperature and radiation-damage limita- 
tions. This important information is supplied by 
Ref. 3. Tables that give temperature range, 
measurement range, and fast-neutron and 
gamma-flux thresholds are presented for dis- 
placement, pressure, strain and torque, force, 
temperature, and radiation transducers. Often 
the limitations are merely best estimates, 
since the experimental data on actual trans- 
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ducers and sensing elements are limited. The 
threshold values quoted were established by 
contacting users and manufacturers, by extrapo- 
lation of irradiation-damage information on the 
materials of construction, and by relating actual 
empirical information on irradiated trans- 
ducers. The limiting components of the trans- 
ducers for nuclear applications are the organic 
insulators and dielectrics, the lubricants, and 
the damping oils. Of considerable interest to 
the nuclear industry, because of the importance 
of temperature transducers in reactor instru- 
mentation, is the fact that in thermocouples ra- 
diation causes composition changes that change 
the calibrations. Computer programs have been 
used to determine the extent of the changes, and 
the results have been tabulated; chromel was 
found to undergo very slight transmutation. 
Temperature transducers may also be subject 
to other radiation effects such as effects on 
insulation, connectors, leads, and sealing com- 
pounds. 


Servomechanism 
Reliability 


Studies and discussions of the reliability of 
reactor control systems are fairly numerous, 
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Two reviews have appeared in a recent issue 
of Nuclear Safety.**> Reference 6 is a recent 
British study of the application of redundancy 
techniques to the automatic control of nuclear 
reactors to improve reliability. The study con- 
siders circuit redundancy, where the circuit is 
considered to include all components from the 
instrument sensors to the control-rod drives. 
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Low-Pressure Containment 
Building 


Two recent reports’? give containment informa- 
tion that is of use in those applications where 
low leakage rates are required, but where the 
maximum pressure and permissible leakage 
limits are not so stringent as to demand the 
use of a welded-steel containment shell. Ref- 
erence 1 reports measurements of air leak 
rates through structural components of con- 
crete and metal-panel buildings. The leak-rate 
data were used to generate empirical constants 
for use in analytic expressions that can be used 
to predict the air flow rates through the building 
components as a function of size, method of 
construction, and pressure differential. In addi- 
tion to the information on walls, information is 
presented on doors, louvers, butterfly valves, 
caulking materials, and paints. Also presented 
are the preferred design methods for reducing 
leakage, descriptions of procedures for pre- 
dicting and locating leak paths, and procedures 
for calculating the expected leakage from a real 
structure. It is suggested! that with improved 
construction methods the leak rate for a large 
metal-panel building can be reduced to 1% of 
the contained volume per day at a pressure of 
0.5 psi. Large concrete buildings can be con- 
structed to give a leak rate of 1% of the con- 
tained volume per day at a pressure of 5 psi. 


A recent leak-rate test of two identical con- 
crete structures shows how important design 
and inspection during construction will be in 
order to reduce the leak rate to 1% of the con- 
tained volume per day.” The tests were done on 
two reinforced-concrete structures intended to 
contain nuclear critical experiments at the 
Argonne National Laboratory. Each structure 
was in the form of a rectangular box with inside 
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dimensions of 30 by 40 by 30 ft high. Three of 
the concrete walls and the roof were 4 ft thick, 
and the remaining wall was 5 ft thick. The wall 
thicknesses were dictated by biological shielding 
requirements. The structures were designed to 
withstand a large pressure loading from a sudden 
energy release and its subsequent internal pres- 
sure, but they were not designed to be leaktight. 
After construction had been completed, the 
structures were pressurized to detect areas of 
gross leakage, and reasonable and practical 
measures were taken to eliminate or minimize 
these leaks. For instance, at the surface joints 
of opening frames the concrete was routed out 
to form a groove that was filled with the high- 
temperature mastic. This was also done around 
all nozzles, pipes, and conduits. When leaks 
persisted past door frames, epoxy resin was 
pumped through tapped holes in the door frame 
to fill the void between the steel and concrete. 
Also, where leakage was detected through large 
areas of concrete, about 4 in. of concrete were 
chipped out back to the reinforcing bars, and 
expanding grout was troweled into the void 
created by the removed concrete. All form ties 
were carefully grouted. Even after all these 
efforts to plug known leaks and suspected areas, 
one cell showed a loss of approximately 23% of 
its contained air per day, whereas the other 
cell showed a loss of approximately 10% at an 
internal pressure of 10 psig. To further reduce 
the leakage, the interior surfaces of the con- 
crete were painted with Carboline 305 that re- 
duced the leakage rates to 8 and 6% per day. 
From this it can be concluded that concrete 
placed in the conventional manner, even in 4- 
and 5-ft thicknesses, is pervious to air. 


Structural pressure tests were run on one of 
the concrete cells. The purpose of the tests was 
to observe and compare experimental with ana- 
lytical strains and stresses in the reinforcing 
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steel in the concrete walls. Forty-four strain 
gauges were placed on the reinforcing steel on 
both the interior and exterior walls by removing 
the covering concrete. The cell was treated 
analytically by homogenizing the steel and con- 
crete intoa composite. The steel cross-sectional 
area was transformed into equivalent concrete 
area. The moments, shears, stresses, and 
strains were calculated, using the moment dis- 
tribution method for longitudinal frame bent, 
traverse frame bent, and a rectangular box 
frame, which represented hypothetical 1-ft- 
wide sections cut vertically or horizontally 
through the walls and ceiling. A sample calcu- 
lation is shown in the report. The analytical 
results and the experimental results were com- 
pared at internal pressures of 2, 4, 6, 8, and 
10 psig, giving like results at all locations except 
at reentrant corners. The calculated resuits 
were brought into agreement at the reentrant 
corners by applying the proper stress-concen- 
tration factors. The stress-concentration fac- 
tors produced agreement with measured results 
at all locations except at the corner of one of 
the cell entrances. The calculational procedure 
predicted a compressive strain when, in fact, a 
tensile strain was measured. 


Moisture Separators 
and Particulate Filters 


A recent review in Power Reactor Tech- 
nology, 6(3): 20-21, described an activated- 
carbon filter that in combination with a particu- 
late filter would constitute the ventilation-air 
exhaust filter system for the Savannah River 
Plant (SRP) reactor buildings.*® These buildings 
are not pressure-containment buildings; there- 
fore in the event of an accident the released 
fission products would be carried by the ventilat- 
ing air through the exhaust filter system where 
the fission products would be removed. Since 
the reactors are cooled and moderated by water, 
a power-surge accident might be expected to 
introduce entrained water or fog into the venti- 
lation air which could interfere with the particu- 
late system. A report that describes a satis- 
factory particulate filter and moisture separator 
to complete the above filter system has been 
issued.‘ 

The filtration system was designed to remove 
99+% of the particles of sizes 0.3. and larger 
from the exhaust stream. The exhaust stream 
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that would be expected after a power-surge 
accident would consist of wet steam for 30 sec 
at 7000 scfm per filter, followed by 1 1b of water 
per minute entrained in the exhaust air for a 
period of 10 days. The rated filter flow is 
1000 scfm. Furthermore, the filter system has to 
work after accumulating dust over a three- 
month exposure to normal exhaust air. 


Preliminary tests on commercially available 
particulate filters with an air-water fog indi- 
cated flooding, with some of the filters rupturing. 
The amount of water incident on the filters was 
reduced through the use of moisture separators 
upstream of the filters. Although the moisture 
separator removed sufficient water to keep the 
particulate filter from plugging, it still allowed 
enough moisture to be incident on the filter to 
eventually saturate the filter medium. There- 
fore the filter medium has to have good water- 
repelling characteristics, good wet strength, 
and permeability for air in order to continue to 
function over the length of the accident. The 
filter must also retain these characteristics 
when exposed to 90°C air-water fog conditions 
that are expected following the accident. The 
details of the tests and the results are presented 
in the report. 


The moisture separator that will be used in 
the SRP reactor building is 2 ft by 2 ft by 2 in. 
thick and is rated for 1600 scfm of air at 0.95 in. 
of water. Each separator is made of several 
mats of Teflon yarn wrapped over stainless- 
steel reinforcing wire. The particulate filters, 
rated at 1000 scfm of air at 0.94 in. of water, 
consist of 230 sq ft of glass-asbestos fiber 
medium about 0.02 in. thick with aluminum 
corrugations separating the folds on both sides. 
The specifications for both units are given inthe 
appendixes of the report. 


lodine Removal 


This is the third in a series of review articles 
on iodine removal from the atmosphere. The 
series began in Power Reactor Technology, 
5(4): 29-33, and continued in Power Reaclor 
Technology, 6(3): 20-21. So far these reviews 
have covered several papers on the behavior of 
radioactive iodine released in containment build- 
ings and methods of removing this iodine from 
the building atmosphere to minimize the amount 
escaping from the building. Several more reports 
from the United Kingdom Atomic Energy Au- 
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thority on the removal of iodine from gas streams 
and containment buildings have been issued.*® 

Reference 5 investigates the performance of 
the scrubber that was originally installed in the 
cooling system of the British Experimenta! Pile 
O to remove iodine from the shutdown flow of 
air in the event of an accidental release of 
fission products. Although the caustic soda 
scrubbers have since been replaced by the more 
efficient activated-charcoal beds, the test re- 
sults may be of interest. The scrubbers con- 
sisted of four columns with a total cross- 
sectional area of 26 sq ft, with each column 
containing a 6.25-ft height of 1-in. mild-steel 
Raschig rings. The recommended air flow was 
3000 cfm with a liquid throughput of 325 gal/min. 
The scrubber liquor was a 5% caustic soda 
solution containing some carbonate. The four 
columns are mounted on a 700-gal horizontal 
sump tank from which the scrubber liquor is 
circulated around the scrubber system by a pump 
that delivers the liquor from the base of the 
sump tank to each column via a header and feed 
lines. The air passes countercurrent to the 
scrubber liquor, entering the bottom of the 
column and leaving from the top. 

Six tests were run to measure the iodine de- 
contamination factor (DF) of the scrubber sys- 
tem. The iodine used in the tests contained a 
trace amount of radioactive I'*! that was counted 
to determine the DF. The first, third, and fifth 
tests consisted of introducing iodine vapor, by 
heating sodium iodide, into the air stream just 
before its entrance into the scrubber. In the 
second test the iodine vapor was passed over a 
hot (900 to 1000°C) tungsten wire and then into 
a glass aspirator where the submicron particles 
of tungsten and iodine would mix, thus encourag- 
ing the iodine to adsorb on the particles. In this 
way the efficiency of the scrubber for the re- 
moval of particulates could be measured. Test 6 
was similar except that lead fumes were used 
to form the submicron nuclei. In test 4 nothing 
was introduced into the air stream. The meas- 
ured results in test 4 came from the iodine 
deposited on the surfaces from previous ex- 
periments and absorbed back into the air stream. 
In test 5 the liquor was changed from caustic 
soda to sodium carbonate. The test results are 
shown in Table VI-1. 

If test 1 is disregarded, the scrubber appears 
to give a DF of about 30 for iodine vapor and 
does not appear to be sensitive to the change in 
liquor; but tests 2 and 6 show that the DF is 
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reduced by the introduction of particulate nuclei 
on which the iodine can be adsorbed and pass 
through the scrubber. In the case of a fuel- 
element meltdown, presumably many particulate 
nuclei would be released along with the iodine, 
thus reducing the effectiveness of the scrubber. 


Table VI-1 IODINE DECONTAMINATION FACTOR 
FOR LIQUID SCRUBBER® 





Test No. 1 2 3 4 5 6 
DF 250 10.5 32 33 2 





Reference 6 discusses the removal of iodine 
from the atmosphere by sprays; it is primarily 
a theoretical treatment of the effect of sprays 
in removing molecular iodine and iodine-con- 
taining particles. The molecular iodine is re- 
moved from the atmosphere by a water spray 
primarily by absorption in the water, and the 
iodine adsorbed on condensation nuclei is re- 
moved primarily by the spray by impaction. 
The two modes of removal require different 
analytical treatments. 

The molecular iodine is assumed to be ab- 
sorbed by water drops by a diffusion process. 
It is assumed further that the equilibrium con- 
centration or partition of iodine between air and 
water follows Henry’s law. So that the most 
efficient use of a water spray can be obtained, 
each drop should contain an equilibrium con- 
centration of iodine when it reaches the building 
floor. The analysis shows that equilibrium con- 
centration in the water drop is a function of 
the water-drop size and the height through which 
the drop falls. This relation for the attainment 
of 99% saturation with iodine, for 20 and 100°C 
water temperatures, is shown in Fig. VI-1. For 
example, in a containment building that is 10 m 
in height, the water drops would have to be 
<1000 » in diameter. The percentage of iodine 
removed by the water as a function of tempera- 
ture for several different air-to-water volume 
ratios is shown in Table VI-2. 

It can be seen that for reasonable quantities 
of water in the spray, very little iodine is 
actually removed by the spray because of the 
equilibrium vapor pressure between air and 
water. The ways suggested for increasing the 
amount of iodine removed by the spray are 
(1) continuous removal of the water from the 
floor of the containment building and (2) com- 
bining the iodine chemically in the water. 
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Fig. VI-1 Height in which a falling water drop 
reaches 99% saturation with iodine.® 


The iodine and other fission products that are 
adsorbed on particulate matter in the atmosphere 
or are released from the fuelin particulate form 
are removed from the atmosphere mainly by 
three processes, all of which depend on the 
size and density of the particles. These proc- 
esses are (1) diffusion to solid and liquid sur- 
faces, (2) fallout under gravity, and (3) impaction 
on solid or liquid surfaces. Diffusion is a slow 
process, and fallout is rapid only for large 


Table VI-2 IODINE REMOVAL BY WATER 
AT VARIOUS AIR-TO-WATER VOLUME RATIOS® 





Iodine removal, %, at 


; the indicated temperature 
Air-to-water 








volume ratio 20°C 100°C 
1 99 91 
10 92 52.5 
100 54 9.9 
1000 10.5 1.1 
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particles, >10 .. Sprays can be used toincrease 
the impaction surfaces. Analysis shows that 
particles of sufficient size and density (>1 in 
diameter and 10 g/cm’) can be efficiently re- 
moved from the atmosphere withdrops travers- 
ing the atmosphere and impacting with the 
particles. The calculated removal rates, \, for 
1-, 2-, and 5-y particles for a water flow rate 
of 10 g/sec per square meter of floor area for 
water drops of 100, 200, 500, and 1000,, are 
shown in Table VI-3. The optimum diameter of 
the water drops in the spray is about 500 u. If 
the flow rate is increased to 100 g/(sec)(m?) the 
removal rates in Table VI-3 increase by afactor 
of 10. A flow rate of about 100 g/(sec)(m?) for 
15 min will reduce the air concentration of >1- 
particles to 0.1% of the original concentration. 


Table VI-3 REMOVAL RATES OF PARTICLES BY 
WATER DROPS® 


[Water Flow Rate Is 10 g/(sec)(m?)] 





Removal rates (A), sec™}, 
at the indicated particle 
size 





Water-drop 





diameter, pu lu 2p 5 uw 
100 45x10 1.35 x1073 3x 107% 
200 5.2 x 1074 4.5 x 1079 9 x 1073 
500 9 x 1074 7.2 x 1078 1.4 x 107? 
1000 6 x 1074 5.5 x 1073 1.0 x 107? 





Sprays seem to be reasonably efficient in 
removing molecular iodine and particles of 
diameter greater than 1, but are extremely in- 
efficient in removing the biologically important 
particles of submicron size. The type of reac- 
tor and the method of release seem to have a 
great deal to do with the chemical nature and 
the size of particulate iodine released.’' More 
research on particulate size released from the 
various types of reactors is required before 
the effectiveness of sprays can be determined. 


A recent British report on the behavior of 
iodine in low concentrations has been issued.’ 
These iodine-release experiments were done in 
a laboratory with a volume of 1500 m*. The 
tests included a measurement of the iodine lost 
to the laboratory surfaces as a function of time 
after release, as well as several tests in which 
absorbers and filters were used to remove iodine 
from the air. 








58 POWER REACTOR TECHNOLOGY 


The iodine loss from the air was assumed to 
be principally by deposition on the laboratory 
surfaces and not from leakage or removal by the 
absorbers and filters that were in operation 
during the deposition measurements. This as- 
sumption is reasonable, since the laboratory was 
fairly leaktight and of such a size that at least 
1000 min would be required to pump all the 
air in the room through the systems under test. 
The principal surfaces present in the laboratory 
are shown in Table VI-4. The reproducibility of 


Table VI-4. PRINCIPAL SURFACE MATERIALS AND 
AREAS IN THE LABORATORY® 





Type of surface Area, sq ft 








Linoleum (floor) 2,500 
Glass 2,500 
Asbestos board (walls) 3,500 
Painted 13,000 

Total 21,500 





the concentration of iodine in the air asa function 
of time was poor. Several runs with an initial 
iodine concentration of 5yg/m®* gave air con- 
centrations that differed by a factor of 30 early 
in the run with the difference decreasing toa 
factor of 10 at 200 min after the iodine release. 
An explanation for the discrepancy early in the 
run was that the rate of mixing in the air was 
quite slow, giving large variations at the sam- 
pling position. No explanation was given for the 
variation at later times. So that the effect of 
changing the initial iodine concentration could 
be explored, tests were run in which the initial 
concentration was varied from 0.5 to 500 g/m’. 
The resulting ratios of air concentration to initial 
concentration as functions of time all fell within 
the spread of the 5ug/m’ results, thus showing 
no measurable effect of initial concentration. 
Condensation nuclei from dusty air, as well as 
nuclei produced by Bunsen burner flames and by 
burning magnesium, were used to investigate the 
effects on deposition rate, but again no signifi- 
cant changes were detected. In all tests the 
prominent feature was the rapid disappearance 
of the iodine from the air in the room. At the 
end of the first hour about 98% of the released 
iodine was no longer airborne, and at the end 
of 3 hr about 99.7% was no longer airborne. 
The exact deposition mechanism is not com- 
pletely understood, but an additional experiment 
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was done to determine if gravitational settling 
did occur; although the results were not con- 
clusive, they did show that no more than 10% 
of the total deposition could be accounted for 
by this mechanism. 


Several iodine absorber and filter systems 
were tested to determine their efficiency in re- 
moving low-concentration iodine from air. The 
types of systems tested were activated carbon, 
gas coke, magnesite, copper mesh, silver mesh, 
scrubbers, absolute filters, and combinations of 
absorbers and filters. The activated-carbon sys- 
tem was most effective. In combination with a 
good particulate filter, a 2-in.-deep activated- 
carbon bed was better than any other single 
system. The filter removes the particulates car- 
rying iodine that pass through the carbon bed, 
whereas the elemental iodine is removed by the 
carbon bed. 


Reference 8 is a review of the work done on 
the behavior of iodine by the aerosol group of 
the Atomic Energy Research Establishment 
since 1959. The following tests are reviewed 
and summarized: 


1. The behavior of iodine in large containers 

2. The behavior of iodine at very low con- 
centrations in air and CO, 

3. Adsorption of iodine on surfaces 

4. Adsorption of iodine on particulate matter 

5. Adsorption of iodine on charcoal 

6. Chemistry of iodine at low concentrations 


Also included in the report is a review of the 
work being done presently and a discussion of 
work that needs to be done before a complete 
solution of the problem can be expected. 
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W. J. Megaw, R. C. Chadwick, A. C. Wells, and 
J. E. Bridges, The Oxidation and Release of 
Iodine-131 from Uranium Slugs Oxidizing in Air 
and Carbon Dioxide, J. Nucl. Energy: Pis. A and 
B, 15(4): 176-184 (December 1961). 
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Sodium-Heated 
Steam Generators 


A summary report! has been compiled on the 
current state of the art of sodium-heated steam 
generators. The report contains information on 
six plant-size units and several model-size 
units. A general design description, operating 
experience, and bibliography are given for each 
unit. A summary of the performance of the 
plant-size units is given in Table VII-1. 


Table VII-1 





Components 


The steam generator for the Experimental 


Breeder Reactor I (EBR-]I) consists of 31 single-- 


tube heat exchangers, each about 10 ft long. 
Nine exchangers serve as economizers, 18 as 
evaporators, and four as superheaters. Atypical 
cross section is shown in Fig. VII-1, illustrated 
as an evaporator. The economizers and evapo- 
rators are mounted vertically, and the super- 
heaters are horizontal. The inner tube is of 
triple-wall construction that consists of two 
layers of nickel with a copper core. The three 
individual tubes were assembled, drawn to- 
gether, and bonded by thermal diffusion to 
obtain good heat transfer. The water (or steam) 


PERFORMANCE SUMMARY OF PLANT-SIZE STEAM-GENERATOR UNITS! 











SRE SRE 
EBR-I natural circulation once through EFAPP EBR-II HNPF 
Full-load heat 
transferred per 
unit, Mw(t) 3.92 20 20 143 62.5 85 (reentrant) 
Type of unit Falling Recirculating Once-through Once-through Recirculating Recirculating 
film pancake tube double-wall single-wall duplex tube double-wall 
tube tube tube 
Number of units 
per plant 1 1 1 3 1 3 
Steam temperature, 
a 529 654 825 780 840 833 
Steam pressure, 
psig 393 600 605 900 1250 825 
Feedwater tempara- 
ture, °F 214 425 311 380 550 304 
Feedwater flow per 
unit, lb/hr 3630 51,500 88,800 476 ,000 268 ,000* 251,000 
Liquid-metal tem- 
perature 
In, °F 583 850 900 820 866 875 
Out, °F 419 580 440 520 588 559 
Liquid-metal flow, 
lb/hr 124,700 546 ,000 718,000 5,300,000 2,500,000 2,820,000 
Manufacturer Argonne Combustion Babcock & Griscom- Argonne Griscom- 
National Engineering, Wilcox Co. Russell National Russell 
Laboratory Inc. Co. Laboratory Co. 





*Blowdown of 20,000 lb/hr. 
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Vertical Section of Concentric Tube 
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Fig. VII-1 Detail of single-tube evaporator for the 


Experimental Breeder Reactor I. 


flows through the tube, and the NaK flows 
(countercurrently) through the annulus. Leak 
detection to the copper core zone is provided 
at each end of the tubes. 


The natural-circulation unit (steam genera- 
tor) for the Sodium Reactor Experiment (SRE) 
is made up of two evaporators, one steam 
drum, and one superheater. The evaporators 
and superheater are vertical shells filled with 
many pancake coils stacked on top of each 
other. A horizontal section of an evaporator, 
showing a single coil, is illustrated in Fig. 
VII-2. The evaporator shells are about 5 ft in 
diameter and about 8 ft high, each containing 
48 coils. The coils are of double-wall con- 
struction with mercury in the annulus. In the 
evaporator the inner tube is type 347 stainless 
steel, and the outer tube is carbon steel. The 
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sodium flows inside the coils, and the steam 
is generated on the shell side. Water enters 
at the bottom of the shell, and saturated steam 
passes out the top to the steam drum and then 
flows to the superheater. The superheater con- 
struction is similar, except that the steam 
flows inside the tubes and the sodium is on the 
Shell side. Both inner and outer tubes of the 
coil are type 347 stainless steel. This steam- 
generation system has been operated up to 
approximately two-thirds power without sig- 
nificant difficulties. 

In the once-through unit (steam generator) 
for the SRE, the water enters subcooled at 
one end and emerges as superheated steam at 
the other end. The unit is a U-shaped shell- 
and-tube heat exchanger. Sodium flows inside 
the shell from one end to. the other, and the 
water or steam flows inside the tubes in coun- 
terflow. Figure VII-3 shows the general ar- 
rangement of the shell and the nozzles and 
also shows a section view of the tube-sheet 
design. Double-wall tubes are used with mer- 
cury in the annulus. The outside diameter of 
the outer tube is ‘/, in. The shell hasa 
diameter of 19 in. and a developed length of 
80 ft. Both inner and outer tubes are type 304 


Pancake Coil 
4.5-in.-0.D. 
Double —Wall 
Tubing 


5-ft Diameter 





Sodium 
Inlet Header 


Sodium 
Outlet Header 


Fig. VII-2 Natural-circulation evaporator for the 
Sodium Reactor Experiment. 
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Fig. VII-3 U-tube once-through steam generator for the Sodium Reactor Experiment.! 


stainless steel, and the shell is the same ma- 
terial. 

The unit has operated about 16,000 hr, and 
for about half of this time the power levels 
approached 20 Mw(t). During a recent shut- 
down an inspection was made of the steam- 
side internals, which disclosed no observable 
deposits or corrosion. One significant oper- 
ating phenomenon is the stratification of so- 
dium on the shell side. There are no shell-side 


baffles (other than eggcrate tube supports), and 
the denser sodium sinks to the bottom. This 
adversely affects the uniformity of the outlet 
steam temperature. The difficulty might be 
avoided by mounting the U shell vertically. 

The Enrico Fermi Atomic Power Plant 
(EFAPP) has three identical steam generators, 
one in each coolant loop. The steam generator, 
schematically shown in Fig. VII-4, is a once- 
through type unit, with the fluids in counter- 
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Fig. VII-4 Steam generator for Enrico Fermi 
Atomic Power Plant.! 








flow. The sodium enters the shell near the top, 
flows downward over the tubes, and leaves the 
shell at the bottom. Each unit has 1200 seam- 
less single-wall tubes that are %, in. in diame- 
ter and 0.042 in. thick; the tube material is 
2.25% chromium—1.0% molybdenum alloy steel. 
The tubes are installed in the form of serpen- 
tine involutes, trombone nested in banks of 
eight. The feedwater enters the tubes at the 
top center and flows down the straight tubing 
in the central region of the unit. The water 
then enters the involutes at the bottom, flows 
upward, and leaves as superheated steam. Be- 
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fore operation it was discovered that some of 
the tubes were cracked as a result of stress 
corrosion. The defective tubes were replaced 
and stress relieved. The plant has only re- 
cently started operation, and no operating ex- 
perience has been reported. 

Banks of shell-and-tube heat exchangers com- 
prise the steam generator for the EBR-II (Fig. 
VII-5). Eight identical units arranged in parallel 
form the natural-circulation evaporating sec- 
tion. The saturated steam collects in a steam 
drum and then flows through two superheater 
units. The original design specified four super- 
heater units, which were never completed be- 
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Experimental Breeder Reactor II. 
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cause of a tube-sheet welding problem. As 
a substitute measure two evaporative type units, 
slightly modified, were fabricated for super- 
heater service. The shells are 20 in. in diame- 
ter, 30 ft long, and stand vertically. Sodium, 
on the shell side, enters at the top and leaves 
at the bottom. Water flows in at the bottom, 
and saturated steam flows out at the top. There 
are 73 double-wall tubes (1.438 in. in diameter) 
per shell made from 2.25% chromium and 1.0% 
molybdenum steel. The shell is made of the 
same material. 


Some of the duplex tubes were metallurgi- 
cally bonded, and some were bonded only me- 
chanically. Figure VII-5 shows the details of 
assembly of the duplex tubes into the tube 
sheets. The design specification required that 
the weld of the outer tube to the sodium tube 
sheet have a penetration less than the thickness 
of the outer tube; i.e., there was to be no weld 
between the outer tube and inner tube in making 
this joint. This outer-tube weld was successful 
in the evaporator units with tubes having a wall 
thickness of approximately 0.10 in. and an out- 
side diameter of 1.438 in. However, a success- 
ful weld was never achieved in the superheater 
units with smaller, thinner tubes (0.052 in. in 
wall thickness and 0.596 in. in outside diame- 
ter). 


The design of the evaporators and super- 
heaters incorporated fixed tube sheets. Cold 
springing of the tubes to satisfy the differential 
expansion was accomplished by elongating the 
shell (probably by thermal expansion) about 
Y, in. during the process of welding the tubes to 
the tube sheets. Upon completion of that proc- 
ess, the shell returned to its original length, 
compressing (or springing) the tubes. No oper- 
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ating experience has yet been accumulated with 
the EBR-II steam generators. 

The Hallam Nuclear Power Facility (HNPF) 
has three steam generators, .one in each cool- 
ant loop. They feature bayonet type tubes, as 
shown schematically in Fig. VII-6. The outside 
diameter of the bayonet is 1.33 in. Tubes of 
this type are mounted horizontally in two dif- 
ferent shells to form the separate evaporator 
and superheater units of a complete steam gen- 
erator. A review of these steam generators 
was presented in Power Reactor Technology, 
5(3): 46-47. The double-wall-tube material is 
2.25% chromium — 1.0% molybdenum alloy steel 
in the evaporators and 5.0% chromium — 0.5% 
molybdenum alloy steel in the superheaters. 
There is no operating experience reported at 
this time. It is reported! that the double-wall 
construction and leak-monitoring system ap- 
proximately triple the cost of the HNPF steam 
generators. 

Of the six plant-size steam generators dis- 
cussed in the report,’ only one features a 
single-wall separation between the water and 
the liquid metal. The other five generators use 
double-wall construction. Two of these use 
mercury to create a good thermal bond, and 
three depend on mechanical and metallurgical 
bonding to achieve good thermal continuity. 


Gas-Heated Steam 
Generators 


In a gas-cooled nuclear power plant, the 
steam generator is one of the most expensive 
components, and its design has a strong influ- 
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ence on the overall plant layout. A parameter 
study on steam generators for high-tempera- 
ture gas-cooled reactors has been carried out 
at Oak Ridge National Laboratory and is re- 
ported in Ref. 2. The objective of the study was 
to provide a sound basis for the optimization of 
steam-generator design and for the evaluation 
of the relative merits of major design features. 
The quantitative study was limited to once- 
through designs, inasmuch as it was decided 
that previous design studies had clearly shown 
the advantages of the once-through type for 
high-temperature gas-cooled reactor applica- 
tions. The major parameters of the study were: 


1. Axial-flow and cross-flow arrangements 

2. Coolant gas (helium, carbon cioxide, ni- 
trogen) 

3. Coolant-gas pressure 

4. Coolant-gas temperature 

5. Steam pressure 

6. Steam temperature 

7. Tube diameter 


The report? presents charts to facilitate the 
design of both axial-flow and cross-flow gener- 
ators. In addition, it lists 10 important design 
implications revealed by the study, which may 
be summarized as follows: 


1. When the gas pressure and the mean tem- 
perature difference are sufficiently high to give 
an average heat flux above 30,000 Btu/(hr)(sq 
ft), the smallest and least expensive steam- 
generator design employs axial gas flow over 
bare tubes. 

2. Conversely, when the gas pressure and 
mean-temperature difference give an average 
heat flux of less than 30,000 Btu/(hr)(sq ft), 
the smallest and least expensive design em- 
ploys cross flow of the gas over finned tubes. 

3. In axial-flow units the best inside tube 
diameter is 0.4 to 0.6 in. In cross-flow units 
there is a tube support problem for tubes 
smaller than 1.0 in. 

4. Croloy tubes should be usable, in suitable 
designs, for gas temperatures up to 1150 to 
1250°F. There is little economic incentive to 
go to higher gas temperatures that would re- 
quire refractory alloys, since the higher mate- 
rial cost would offset the thermal advantage. 

5. For plants designed to produce steam at 
pressures of the order of 2500 psi, the reactor 
inlet gas temperature should be at least 650°F. 

6. Important reductions in size and cost in 
axial-flow units are obtained by increases in 
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gas pressure up to about 500 psi. Above this 
pressure the benefits of further pressure in- 
creases are small. 

7. For axial-flow steam generators, the 
pumping-power-to-heat-removal ratio in the 
generator should be about 0.5% for minimum 
cost. 

8. The extra cost and complication of a re- 
heater is more than justified by the reductions 
in fuel-cycle costs and reactor-system capital 
costs resulting from higher efficiency. 

9. A configuration that offers many practical 
advantages is one using U tubes so arranged 
that the legs straddle an annular baffle. The 
hot gas rises up the center and returns down- 
ward through the outer annulus, in counterflow 
to the steam-water. 

10. Control considerations indicate that the 
hot gas temperature entering the steam gen- 
erator should not be more than 100 to 150°F 
above the superheated-steam outlet tempera- 
ture. 


In summary:’ “The results indicate that the 
least expensive and most promising unit for 
high-temperature high-pressure gas-cooled re- 
actor plants employs axial-gas flow over 0.5- 
in.-diameter bare U-tubes arranged with their 
axes parallel to that of the shell. The proposed 
design is readily adaptable to the installation 
of a reheater and is suited to conventional fabri- 
cation techniques.” 


Liquid-Metal Pumps 


An electromagnetic pump of unique design 
has been fabricated and tested at Atomics In- 
ternational. The pump features a rotating 
magnetic field produced by a mechanically ro- 
tating armature, whereas a conventional elec- 
tromagnetic pump has no moving parts. A 
schematic cross section of the pump is shown 
in Fig. VII-7. The liquid flows in an annulus 
that surrounds the armature, or rotor, and is 
separated from the rotor and the surrounding 
magnetic circuit by stainless-steel walls; the 
rotor thus operates in a normal air environ- 
ment. The rotor is made of laminated steel 
plates and is wound helically with field coils, 
having an appearance similar to the rotor of 
a d-c motor. The rotor windings are energized 
by d-c current, and the rotating field induces 
eddy currents into the liquid metal in the annu- 
lus (part a of Fig. VII-8). The path of the flux 
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Fig. VII-7 Schematic cross section of helical-rotor electromagnetic pump. 


extends radially from the poles through the 
liquid-metal annulus and connects circumfer- 
entially in the outer ring of steel washers 
(part 6 of Fig. VII-8). The reaction between 
the moving flux field and the induced current 
in the liquid metal produces a force on the 
liquid metal (part c of Fig. VII-8), moving it 
in a helical path, from intake to discharge. 
With the rotor having a helical configuration, 
the report® indicates that guide vanes are not 
essential to direct the flow. The helical-rotor 
electromagnetic pump avoids the necessity for 
a high-current low-voltage power supply that is 
characteristic of d-c electromagnetic pumps of 
conventional types. In addition, it is said to be 
more efficient than conventional electromag- 
netic pumps, because the direction of liquid- 
metal flow is at every point parallel to the 
driving force. Figure VII-9 shows an exploded 
view of a typical pump of the helical-rotor 
type. 


A full-size prototype pump has been de- 
signed, fabricated, and evaluated in a test loop. 
The pump delivers 2200 gal of sodium per min- 
ute (at 600°F), with a pressure rise of 34 psi 
and with an efficiency of 26% The pump com- 
pleted 1000 hr of testing without loss of per- 
formance. The drive motor is rated at 200 hp 


at 1740 rpm, and the shaft speed is geared 
down to 374 rpm for the magnetic rotor, which 
draws 25 amp of direct current at 175 volts. 

The report? states that the helical-rotor pump 
can be designed for many applications, ranging 
from low flows to over 50,000 gal/min, with 
liquid-metal temperatures up to 2200°F or 
higher. 

Another interesting liquid-metal pump, under 
development for mobile nuclear plants, is re- 
ported in Ref. 4. The application requires high 
pumping efficiency, small size, low weight, and 
high reliability. The pump package consists of 
a shaft-sealed centrifugal pump directly driven 
by an air turbine. The shaft is vertical, with a 
single-stage axial-flow air turbine on top and a 
single-stage unshrouded impeller on the’ bot- 
tom. The shaft is supported with ball and roller 
bearings that are lubricated and cooled with oil 
under forced feed. An important feature of the 
pump is the dynamic shaft seal, in which a 
liquid-metal-to-inert-gas interface is achieved 
in a high centrifugal force field. 


All the major components have been individ- 
ually evaluated, and a 3000 gal/min pump has 
been fabricated and tested using NaK at tem- 
peratures up to 1300°F. The report‘ states that 
the testing has verified the soundness of the 























Winter 1963-1964 


Suction Volute he 


67 


Rotor Axis 











Liquid-Metal Path CT / 7 Py 
Py / Eddy- / 
sy / ; 
y / a / pee Pole 
/ / / 
South itis... FA f / 
ae. / 
y / Ee / y Driving Force 
/ : / 
/ / /] 
f / / { rge Volute 
LE. if & I; 





y 


=: 








(a) Top View Showing Eddy—Current Paths in Liquid Metal. 





y PT A (A/S SSS 
f J pfmmpn —the AF D\ 
Zz 


Magnetic Flux Loop 


hb hdd 


V Mt 





Through Metal Washers 





FA GER sae EE ETS 


cS a 2 den ondicaasiecasticnadtane 





——>~ Liquid-Metal Flow 
y a sme 





[ar a 


Co a a ae a mr 





44 
































Windings 


4 





Lt | 


IN 
ja Rotor Poles 
oo and Field > 


4 





uw“ 
Direction of Rotor Motion 


(b) End View Showing Magnetic Flux Paths. 


Force 








Bixsliie. 











Above South Pole 





Cie oe we a 


Flux 


—--—-+-- 


>, 











Force 
Above North Pole 


(c) Vector Description of Driving Force on Liquid Metal. 


Fig. VII-8 Schematic design of pumping principle. 


design philosophy. The air turbine and pump 
impeller are basically somewhat mismatched 
(i.e., the turbine should operate at a higher 
speed and the impeller at a lower speed); how- 
ever, the simplicity, compactness, and me- 
chanical reliability attained with a single shaft 
are considered more important than the slight 
reduction in maximum efficiency due to the 
mismatch. The dynamic shaft seal proved to 
operate satisfactorily. 


Canned Pump 
for Organic Service 


The development of a canned pump for high- 
temperature organic service (up to 850°F in 
Santowax) was completed in the Experimental 
Organic-Cooled Reactor program (EOCR) be- 
fore the program was terminated. A descrip- 
tion of the pump and its testing program is 
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reported in Ref. 5. Actually two pumps were 
developed, one having a single pumping stage 
and the other having two stages; otherwise the 
pumps were similar. The design flows were 5 
and 15 gal/min, respectively. The pump has 
one moving part, a rotor-impeller assembly 
completely immersed in Santowax. The pump 
casing is designed to minimize the intermixing 
of the fluid between the pump chamber and the 
rotor cavity; the rotor-cavity fluid is independ- 
ently circulated through a heat exchanger to 
remove the bearing and rotor heat. Although 
the poor lubricating properties of Santowax 
posed a design problem, the fluid bearings 
operated satisfactorily during the testing pe- 
riod. The tests have indicated a tendency for 
gases to build up in the rotor cavity and for 
overheating to result. This problem has been 
solved by the installation of a self-venting sys- 
tem. Life tests of the pumps had been planned, 
but they were not completed because of the ter- 
mination of the EOCR program. 


Butterfly-Valve 
Cavitation Test 


An experimental test program on cavitation 
in a butterfly valve is reported in Ref. 6. Al- 
though critical values for cavitation can be the- 
oretically computed, disagreements were found 
in the existing calculational and experimental 
information, and tests were performed to en- 
sure that the throttling valves (butterfly type) 
in the Pathfinder atomic power plant will al- 
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ways operate in the cavitation-free range. The 
Pathfinder is a boiling-water reactor with in- 
tegral superheating. The cooling-moderating 
water for the core is recirculated through 
three loops, each having a constant-speed pump, 
and the amount of recirculation flow is con- 
trolled with a 20.5-in.-diameter butterfly valve 
in each pump discharge line. A similar, but 
smaller (8-in.-diameter), butterfly valve was 
tested. The experimentally determined values 
of the cavitation number were then used to 
determine the cavitation-free control range of 
the reactor system valves. 


Fuel-Handling Equipment 


New equipment for fuel handling has been 
designed, fabricated, and put into service in the 
SRE,’ Although the original fuel-handling ma- 
chine was well proved with more than 1000 
fuel-transfer manipulations, the experience in- 
dicated certain areas of weakness in the design 
which were not only troublesome but which 
could lead to future difficulties. The new fuel- 
handling machine will have the following im- 
provements in characteristics and capabilities: 

1. Ability to handle deformed or damaged 
elements 

2. Improved cask maintenance and decon- 
tamination 

3. Decreased cask leakage 

4. Improved ability to recover from equip- 
ment failure at critical times 

5. Ability to inspect cask contents 

6. Ability to determine the cask grapple load 
weight 
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Humboldt Bay and 
Big Rock Point 


By Walter Mitchell III 


In September 1962 the Big Rock Point Nuclear 
Power Plant, owned by Consumers Power Com- 
pany, reached criticality. Five months later 
unit No. 3 (the nuclear unit) of the Humboldt 
Bay Power Plant, owned by the Pacific Gas & 
Electric Company, went into operation. The 
plants, which were designed and built by the 
same contractors during roughly the same pe- 
riod, provide an unusual opportunity for com- 
parison, since they have equal ratings and 
employ variations of the basic boiling-water 
reactor type. Both plants were built by the 
Bechtel Corporation as prime contractor to the 
Owners, and the General Electric Company 
furnished the reactors, turbine-generators, and 
other electrical apparatus. Each installation 
consists of a direct-cycle boiling-water reac- 
tor, a power-extraction system, and associated 
service facilities. The reactors are thermal, 
heterogeneous light-water-cooled and -moder- 
ated units that are fueled by slightly enriched 
UO, clad in stainless steel. In both cases 
bottom-entering control rods are used. The 
most obvious differences in the plants lie in or 
result from the methods of coolant recircula- 
tion and steam separation: the Big Rock Point 
reactor! is aforced-circulation externai-steam- 
drum unit that is housed in a conventional, 
spherical steel containment vessel; the Hum- 
boldt Bay reactor is anatural-circulation design 
with internal separation that utilizes the pres- 
sure-suppression containment concept. Both 
plants are designed for an ultimate generating 
capacity that is about half again as great as the 
initial capacity of 50 Mw(e), but the values 
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given in the following tables, figures, and dis- 
cussions pertain to the 50-Mw plants. 


Big Rock Point Humboldt Bay 

Location Charlevoix, Mich. Eureka, Calif. 
Start of construction June 1960 November 1960 
Date critical September 1962 February 1963 
Thermal power, Mw 157 165 
Gross electrical 

output, Mw >50 >50 
Gross thermal 

efficiency, % >31.8 > 30.3 
Net electrical 

output, Mw >47.9 >48.5 
Net efficiency, % > 30.5 >29.4 
Reactor pressure, psia 1050 1035 
Coolant saturation 

temperature at 

operating pressure, °F 550.6 549 
Turbine pressure, psia 1015 1015 


General Mechanical and Hydraulic 
Characteristics 


A comparison of the sizes and arrangements 
of the reactors and recirculation systems of the 
two plants is given in Fig. VIII-1, which shows 
schematic elevations of the nuclear steam- 
supply systems. The major components are 
drawn to the same scale to give a size com- 
parison between the nuclear steam-supply sys- 
tem of the external separation forced-circula- 
tion reactor and the internal natural-circulation 
reactor. 

The general coolant-flow paths in the two 
reactors and the numbers of major components 
in the coolant systems are indicated in Fig. 
VIlI-1. In the Big Rock system, an open bypass 
connection between the suctions of the two re- 
circulating pumps permits some circulation of 
water through the two downcomers connected to 
a pump that is shut down, thus preventing inser- 
tion of cold water into the reactor when the 
pump that has been shut down is started. If 
both pumps are inoperative but free to rotate, 
the elevation of the steam drum provides suf- 
ficient natural-circulation driving head to per- 
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mit operation of the Big Rock Point reactor at 
about 50% load. 

The cores of both reactors consist of vertical 
fuel bundles that are laterally spaced to provide 
vertical slots for the passage of cruciform con- 
trol rods. In the Big Rock Point plant, the fuel 
bundles are unshrouded and fit within flow 
channels that are semipermanent components 
of the core structure. The Humboldt Bay bundles 
have integral shrouds and are held at the top 
and at the bottom by the permanent core sup- 
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port structure. Thus in principle the Big Rock 
Point bundles are placed within already formed 
flow channels, whereas the Humboldt Bay bundles 
form their own channels. Figure VIII-2 gives 
horizontal cross sections of the reactor pres- 
sure vessels and illustrates the arrangement 
of the major components of the cores. 

Each core flow channel in the Big Rock 
Point reactor is attached to the top of a sup- 
port tube. The channel-and-support-tube as- 
semblies, which by virtue of their lateral 


Main Steam Line (1) 
576,000 Ib/hr 


Steam Dryer 





Vi 4 Reactor Vessel 
va We 1.D. x 42'Iqg 
4 1035 psia _- Downcomer Region 
im H 


Feedwater Inlet (1) 
2fts’F 





| Feedwater Sparger 
Wt 


~ Chimney 


Nozzle (6) i N 
{ =i Active Core 6 y———- Core Shroud 
~H Flow Rate =11.8xlO° Ib/hr a al ; 
Nie Mi ry : \ctive Core 
i | : ’ ’ —_— 
Downcomers || h ~Ap= Il psi (Incl. Orifices) ARVIN; Nav f Flow Rate =11.25xI0° lb/hr 
“w (4) St LN IN| VW) 
aan: Support Tubes NE or Support Structure 
Control Rod Control Rod 
Drives 


HUMBOLDT BAY 





Fig. VIII-1 Schematic elevations of nuclear steam supply systems. 
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Fig. VIII-2 Horizontal cross sections through reactor vessels. 
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spacing provide guidance for the control rods, 
are positioned by a core support at the bottom 
and by a guide assembly at the top. The core 
support is a circular plate that rests on brack- 
ets in the reactor vessel near its bottom. The 
brackets position the core support plate rela- 
tive to the control-rod-drive penetrations inthe 
vessel bottom head. Support-tube . adapters, 
which align the bases of the channel-and-sup- 
port-tube assemblies with the control-rod pene- 
trations, are bolted to the support plate. Coolant 
for each fuel channel enters the bottom of the 
support tube, which is held clear of the support 
plate by the adapter. The upper ends of the 
channel-and-support-tube assemblies are radi- 
ally supported and are aligned by a top guide 
assembly that is attached to a thermal shield. 
The top guide assembly consists of a grid of 
movable beams that serve as hold-downs for 
the channel-and-support-tube assemblies but 
which permit removal of the assemblies through 
the top of the vessel. The annular steel thermal 
shield supports the guide assembly and is itself 
supported by brackets attached to the reactor 
vessel wall. The baffle plate above the outlet 
nozzles of the reactor vessel is segmented. The 
segments can be unlocked and swung upward to 
allow access to the core from the vessel head 
nozzles. 

At their bottoms the fuel bundles of the Hum- 
boldt Bay reactor plug into a core plate that is 
held by the core shroud. The shroud itself is 
atop a support structure that is attached to the 
reactor vessel bottom head. The support struc- 
ture is perforated and permits recirculation 


Big Rock Point Humboldt Bay 
Reactor vessel 
Height, ft 30 42 
Inside diameter, in. 106 120 
Wall thickness, excluding 
cladding, in. 5 45/6 
Material Carbon steel Carbon steel 
Cladding thickness, 
minimum, in. Ven i, 
Cladding material S.S. S.S. 
Design pressure, psia 1715 1265 
Design temperature, °F 650 650 
Approximate initial 
nil ductility transition 
temperature, °F 10 10 
Safety valves, number 
and location 6, on steam drum 4, on vessel head 
Steam drum 
Length, ft 40 
Inside diameter, in. 78 
Wall thickness, excluding 
cladding, in. 4°, 
Material Carbon steel 


Cladding thickness, 
minimum, in. /39 


Cladding material 8.8. 
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flow from the downcomer region to enter the 
central part of the vessel, where flow is re- 
versed and the coolant enters the bottom of the 
active core region. Cruciform guide tubes for 
the control rods extend from the nozzles in the 
vessel bottom head to the core plate and furnish 
additional support. At its top the core shroud 
supports and positions the chimney structure, 
which provides radial positioning for the top 
ends of the fuel bundles. The ring type feed- 
water sparger located near the top of the chim- 
ney structure is supported by brackets attached 
to the vessel wall. 


Core Details 


The basic fuel units in both reactors are rod 
type elements, made up of stainless-steel tubes 
containing stacks of cylindrical UO, pellets. 
Figure VIII-3 shows a cross section of atypical 
rod-moderator cell for each reactor and gives 
dimensions and moderator-to-fuel ratios of the 
cells. Most of the fuel rods in both reactors 
are of full core length. Pellets of UO, are placed 
in the jacket tube in an uninterrupted stack, and 
a plenum is provided at the top of the stack to 
accommodate expansion and released fission 
gases. A coil spring and wafer in each plenum 
keep the stack of UO, pellets inthe proper posi- 
tion, and welded plugs are used to seal the fuel 
rods at each end. 

The fuel rods are arranged in a square array 
to form the fuel bundles shown in Fig. VIII-4. 
The rods are positioned at the top and at the 
bottom by fittings that form the handles and 
bases of the bundles, and wire spacers provide 
radial spacing at three axial locations in each 
bundle. The spacers, each of which consists of 
a double layer of crimped wire grids anda sur- 
rounding band, are positioned axially by special, 
segmented fuel rods that fit through sleeves in 
the spacers. The Big Rock Point bundle has four 
of these segmented rods, one at each corner, 
whereas the Humboldt Bay bundle uses a single 
segmented rod at its center. Construction of the 
segmented rods is similar to that of the full- 
length rods but with correspondingly shorter 
fuel and plenum lengths. The Big Rock Point 
bundle is held together axially by 32 fuel rods 
with special, threaded end plugs which screw 
into the base of the bundle and which are at- 
tached to the bundle handle with safety-wired 
nuts. In the Humboldt Bay bundle, eight rods 
are used in a similar manner, and the integral 
flow shroud adds stiffness to the assembly. In 
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both bundles the rods not used for axial re- 
straint have unthreaded end plugs that slide into 
holes in the top and bottom fittings. Springs are 
installed between all rods and the top fitting to 
accommodate thermal expansion. The Big Rock 
Point bundle, which has no integral flow liner 
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but fits into a fixed flow channel in the reactor 
core, is equipped with pad type external spacers 
on each of the three axial spacer assemblies. 
Each Big Rock Point bundle has 12 special fuel 
rods, three in each corner of the bundle, which 
are smaller in diameter and have thicker jackets 
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than the standard rods, to reduce the power 
peaking caused by the water in the control-rod 
channel (see Fig. VIII-5). These 12 special rods 
include the four segmented rods used to sup- 
port the wire-spacer assemblies. Their dimen- 
sions are shown in Fig. VIII-5, which is a hori- 
zontal section through a typical portion of the 
core. 
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Fig. VIII-5 


The geometrical relations between the major 
components of the cores of the two reactors are 
illustrated by Fig. VIII-5. The components in- 
clude the groups of fuel rods, as provided by 
the fuel bundles; the flow channels, which are 
defined by the integral fuel-bundle shrouds in 
the Humboldt Bay core and by the preinstalled 
flow channels in Big Rock Point; the control- 
rod passages, formed by the radial spacing of 
the fuel-element or flow-channel assemblies; 
and the control rods themselves. In the Big 
Rock Point core, the flow channels may be 
either stainless steel or Zircaloy, depending 
on the core loading and the shutdown control 
requirements. The thicknesses of the channels 
of both materials are shown in Fig. VII-5. 
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The control rods for both reactors are made 
up of poison tubes containing boron carbide 
which are assembled into a cruciform struc- 
ture by a surrounding steel sheath, as indicated 
in Fig. VIII-5. These control elements are simi- 
lar to those in the Dresden reactor which were 
described in Power Reactor Technology, 5(3): 
34. The control rods are guided onthe four core 
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Horizontal cross sections through typical core regions. 


channels that they contact by stellite rollers at 
the top and bottom of each blade. Heat generated 
in the poison rods is removed by coolant that 
flows through holes in the sheaths and by con- 
tact heat transfer from the rods to the sheaths. 

In addition to the regular, bottom-driven con- 
trol rods shown in Fig. VIII-5, the Humboldt 
Bay reactor can be equipped with a system of 
peripheral control rods. These cruciform rods 
enter the core from the top and are provided 
to assure that an adequate cold shutdown margin 
is available even if any one of the central, 
bottom-driven control rods sticks in the with- 
drawn position. It was found that the peripheral 
control rods were not needed with the first core 
of the Humboldt Bay reactor. Consequently rods 
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and drives were removed from the vessel prior 
to power operation. 

Both reactors are provided with liquid-poison 
injection systems that provide a backup means 
of shutting the reactor down and holding it sub- 
critical in the event that the control rods are 
not able to do so. Both systems, which are pres- 
surized by bottled nitrogen gas, utilize sodium 
pentaborate solutions. 

As mentioned above, either stainless-steel or 
Zircaloy flow channels can be used in the core 
structure of the Big Rock Point reactor. It is 
intended that the stainless-steel channels be 
used during initial operation of the reactor to 
reduce the excess reactivity that will exist prior 
to the establishment of an equilibrium program 
of partial-core refueling. The initial core of the 
Humboldt Bay reactor will contain up to 96 poi- 
son curtains which are made of borated stainless 
steel and which are hung from the top grid in 
such a way that they surround groups of four 
fuel assemblies. The curtains will be removed 
during the life of the first core to maintain 
reactivity. 


Big Rock Point Humboldt Bay 


Fuel and core 


Fuel material UO, UO, 
Initial enrichment, % U*** 3.2 2.6 
Weight of UO, in core, lb 19,300 34,600 


Average fuel exposure, 

first core load, 

Mwd/ton of U 10,000 10,000 
Equivalent core 


diameter, in. 62.5 
Active core height, in. 70 79 
Fuel-rod array in bundle 12 by 12 square 7 by 7 square 
Number of bundles 
in core 56 172 
Reactivity requirements 
Temperature, AR... 0.025 0.015 
Voids, Ak, ;; 0.019 0.021 


Xenon and samarium, 
BR.) 0.031 0.031 
Fuel depletion and 


maneuvering, Ak. ;; 0.127 0.133 
Initial reactivity 

requirement, Ak, ;, 1.202 1.200 

Control elements 

Number of central 

control rods 32 32 
Number of peripheral 

control rods 8 


Shape of peripheral 
control rods Cruciform 
Control-rod poison 
material ByC B,C 
Number of poison 
curtains (maximum) 96 
Shape of poison curtains Plate 
Poison-curtain material Borated S.S. 
Single control rod, 
maximum worth, Ak/k 
Liquid poison 


0.042 0.038 
Material Sodium pentaborate solution 
Volume, gal 850 365 
Worth, Ak/k 0.25 0.20 
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Heat Removal 


In view of the differences in the basic modes 
of operation of the reactor plants, their heat- 
removal and steam-generation characteristics 
are of particular interest. A comparison of the 
principal thermal characteristics of the two 
systems is given in the following table. 


Big Rock Point Humboldt Bay 


Average power density, 
kw/liter 45 27 
Peaking factors 


Gross 1.94 2.62 
Local 1.65 1.38 
Overpower 1.27 1.25 
Maximum at overpower 4.07 4.53 
Linear power density, 
kw /ft of fuel rod 
Average 3.34 2.97 
Maximum 10.5 10.8 
Maximum at overpower 13.3 13.5 
Fuel-jacket heat flux, 
Btu/(hr)(sq ft) 
Average 110,000 80 600 


Maximum 
Maximum at overpower 


352,000 
147,000 


292,100 
365,100 
Burnout ratio, minimum 


at overpower 1.6 2.0 
Coolant flow rate through 

core, 10° lb/hr 11.8 11.25 
Core inlet subcooling, 

Btu/Ib 14.0 12.1 
Core inlet velocity, ft/sec 

Maximum 6.3 4.56 

Minimum 5.1 4.37 
Steam volume fraction 

Average core exit 0.41 0.48 

Maximum channel exit 0.57 0.64 


Average over core 
length 0.21 0.20 

Average steam quality, 

core exit, % 1.9 6.3 
Steam quality entering 

drum, ‘ 5.2 
Average steam surface 

separation velocity, 

ft/sec 0.90 
Average downcomer 


velocity, ft/sec 1.73 


Effects of Circulation Mode 
on Reactor Design 


The difference in performances that are 
achievable with natural and forced circulation 
is most clearly apparent in the comparison of 
core power densities in the preceding tabula- 
tion, where the power density in the Big Rock 
core is shown to be 1.67 times that in the Hum- 
boldt Bay core. Since the inlet subcooling is 
nearly the same in both cases and since the 
steam-void fractions do not differ greatly, the 
improvement in power density in the Big Rock 
reactor can be regarded rather directly as the 
benefit received from forced circulation — at 
least to a first approximation. That is to say, 
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both reactors use about the same total coolant 
flow rate (see table), but to achieve this total, 
the natural-circulation core must provide a 
larger cross-sectional area for coolant flow. 
The actual situation is not quite as simple as 
that, since the Humboldt Bay core is some 13% 
longer than that at Big Rock Point, and the de- 
sign relations that involve core length as a 
variable are not simple ones. 

The fuel arrangement and design must, of 
course, be compatible with the heat-transport 
capabilities of the coolant system. Apparently 
the fuel centerline temperature is the limiting 
consideration in heat removal from the fuel 
elements in both cores. For ceramic fuel ele- 
ments of a given basic design this consideration 
sets, to a good first approximation, the maxi- 
mum power that can be extracted from a unit 
length of fuel element. The preceding table 
shows that the maximum power generation per 
foot of fuel element is very nearly the same for 
the two cores. If one considers, for simplicity, 
that the designer has fixed the coolant-flow area 
in a way that is characteristic for the type of 
recirculation (natural or forced) to be used, 
then he has left the interdependent design varia- 
bles of fuel-rod diameter and moderator-to-fuel 
ratio to vary in order to match the required 
total length of fuel rod with the required coolant- 
flow area. Either one of these may be chosen 
freely but not both. In the cases considered 
here, the designers have chosen very nearly the 
same moderator-to-fuel ratio for the two cores 
(see Fig. VIII-5). This choice strongly involves 
the interrelated reactor physics characteristics 
of steam-void coefficient of reactivity, tempera- 
ture defect, and fuel enrichment. Once a mod- 
erator-to-fuel ratio has been chosen, there is 
no longer any room for variation of fuel-rod 
diameter. In the cases considered here, where 
the moderator-to-fuel ratios are nearly equal, 
it is clear that the fuel-rod diameter must be 
smaller in the Big Rock core if advantage is to 
be taken of the higher coolant-flow velocity 
provided by the forced-circulation system. 

In the forced-circulation case the coolant- 
flow velocity is a design parameter that the de- 
signer may vary at will for design optimization. 
Presumably the power density in a core like 
that of Big Rock Point could be increased still 
further by increasing the coolant-flow velocity 
along with other design modifications. If the 
linear power-generation limit for the fuel ele- 
ments is considered fixed, one might increase 


DESIGN AND CONSTRUCTION PRACTICE 77 


the power density by moving the fuel rods closer 
together and increasing the coolant-flow ve- 
locity. This would decrease the moderator-to- 
fuel ratio and increase the steam-void coefficient 
of reactivity, the temperature defect, and the 
fuel-enrichment requirement. Or one might hold 
the moderator-to-fuel ratio constant, decrease 
the fuel-rod diameter, and increase the coolant 
flow. The major considerations in such a de- 
sign variation would be the increase in fuel- 
fabrication cost (per kilowatt-hour), the in- 
creased neutron absorption in the fuel jackets 
(unless they were made proportionately thinner), 
and possibly the fuel-rod support problems. 


Naturally the attractive way of increasing the 
power density in the forced-circulation case is 
to employ increased coolant flow (if necessary) 
in conjunction with fuel elements of the same 
size but higher power rating. Work toward the 
development of fuel elements of higher capability 
for the Big Rock Point reactor is reviewed in 
Sec. III of this issue of Power Reaclor Tech- 
nology. 


Although high power density in the core has 
some advantages per se, the more important 
consideration is perhaps the size of the reactor 
vessel required for a given power generation. 
Here the external steam separation employed in 
the Big Rock Point plant would be expected to 
show an additional difference because considera- 
tions of recirculation flow do not determine the 
amount of space that must be left between the 
reactor core and the pressure-vessel wall. The 
consideration of fast-neutron shielding for the 
vessel wall does, of course, remain and is quite 
significant in determining the pressure-vessel 
diameter. 


The comparison of reactor cross sections in 
Fig. VIII-5 does not show any important dif- 
ference in the thickness of annulus between core 
and vessel. The reason for this is not apparent, 
but, in this case of relatively new, relatively 
small reactors, a number of possibilities could 
be visualized having little fundamental signifi- 
cance. It is in reactors of dimensions that begin 
to push the limits of pressure-vessel size that 
large incentives for high effective power density 
may develop. Now it is perhaps more to the 
point to examine the details of the recirculation 
phenomena in the natural-circulation circuit of 
the Humboldt Bay reactor. 


The average velocity in the downcomer of the 
Humboldt Bay reactor is given’ as 1.73 ft/sec. 
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One would judge, from quoted dimensions and 
flow rates, that this downcomer velocity occurs 
in the annular area around the chimney, and 
that the term “average” indicates an average 
over the flow area at that level. In the regions 
below the feedwater inlet sparger and opposite 
the active core region, where the core shroud 
forms the inner boundary of the downcomer, 
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tion for the downcomer-to-riser quality ratio 
was no higher than 0.28. 

The different coolant-recirculation ap- 
proaches at Big Rock Point and Humboldt Bay 
give rise to certain incidental features of reac- 
tor design which are worth notice in passing. 

Since the forced-circulation scheme of the 
Big Rock Point reactor permits the core to have 
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Fig. VIII-6 Plant cross sections. 


the flow area is decreased, and the average ve- 
locity must be considerably higher. The velocity 
near the top of the chimney has, of course, the 
greatest interest because it is in that region that 
the effects of velocity on gravitational separation 
determine the amount of carry-under in the re- 
circulation flow. Apparently the degree of carry- 
under experienced is much less than that found 
in the small-scale steam separation tests at 
Argonne National Laboratory, which have been 
reported in Ref. 3 [reviewed in Power Reactor 
Technology, 6(2): 69-74]. In those tests the ratio 
of steam quality in the downcomer to that in the 
riser was found to be about 0.7 at 1000 psi for 
a downcomer velocity of 1.73 ft/sec. The suc- 
cessful operation of the Humboldt Bay plant 
can be taken as evidence that the actual ratio is 
not nearly that high. Estimates based on the data 
given in Ref. 2 indicate that the design expecta- 


a relatively high pressure drop, each flow chan- 
nel in the core is provided with an orifice at 
its bottom. Although the orifices could be used 
to match the flow distribution to the radial 
power distribution, they are installed primarily 
to increase the single-phase pressure drop of 
the core. The effect of the increased single- 
phase pressure drop is to make individual 
channel flow less dependent on power, thus im- 
proving the burnout ratio and parallel channel 
stability. The pressure drop across the orifice 
is equal to slightly more than one-third of the 
pressure drop across the remainder of the core 
channel. 

The lifting forces imparted to the fuel bundles 
by the upward-flowing coolant are small enough 
in both reactors that no positive fuel hold-down 
mechanism is required. In the Big Rock Point 
reactor, whose fuel bundles fit in semipermanent 
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flow channels of the reactor core structure, no 
bundle hold-down is used. In the Humboldt Bay 
core, where the control-rod channels are formed 
by the integral shrouds of surrounding fuel bun- 
dles, hold-down latches are provided for those 
fuel bundles which adjoin bottom-driven control 
rods. Consequently, if a control rod jams 
against a fuel bundle, the bundle cannot be 
lifted from the core as insertion of the rod is 
attempted. 

One of the differences in the plants is the 
accessibility of the core for shutdown opera- 
tions such as refueling. In Big Rock Point, 
ports in the vessel top head provide access to 
the core, although the normal refueling proce- 
dures include removal of the head. The steam 
dryer in the Humboldt Bay reactor has a re- 
movable center section, which permits access 
to the vessel internals without the necessity of 
removing the head. 


Plant Arrangement and Containment 


The basic differences in coolant schemes in 
the two reactors lead to striking differences in 
plant arrangement and containment design, for 
the external steam drum approach used at 
Big Rock Point would not fit gracefully into 
the pressure-suppression concept employed at 
Humboldt Bay. The differences are illustrated 
in Fig. VIII-6, which gives simplified vertical 
cross sections of the two plants to the same 
scale. In addition to showing the inherent dif- 
ferences in appearance of the forced-circulation 
plant and the internal natural-circulation plant, 
the drawing illustrates the conventional contain- 
ment scheme employed in the Big Rock Point 
plant and the pressure-suppression contain- 
ment utilized for Humboldt Bay. 

The Big Rock Point containment vessel was 
designed and constructed in accordance with 
the ASME Boiler and Pressure Vessel Code, 
Secs. II, VIII, and IX, as modified by applica- 
ble nuclear code cases. The vessel is typical of 
the conventional type, except that its exposed 
exterior surface is insulated with a cork mastic 
coating protected by acrylic resin. The insula- 
tion prevents excessive temperatures inside the 
vessel that are caused by solar radiation, re- 
duces heat loss in winter, provides atmospheric 
corrosion protection, and reduces inside surface 
condensation. The application of the pressure- 
suppression concept to the Humboldt Bay reac- 
tor wasdescribedin Power Reactor Technology, 
6(3): 27, and will not be discussed further. 
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Big Rock Point 


Diameter of containment sphere, ft 
Height above grade, ft 
Approximate free volume, cu ft 
Design pressure, psia 
Design maximum temperature, °F 
Maximum leakage rate at design pressure, 
/day 
Number of access air locks 
Total number of penetrations 
Diameter of nozzle penetrations, in. 
Maximum 
Minimum 


Humboldt Bay 


79 


130 
103 
940,000 
41.7 


235 


Dry well 
Vessel inside diameter, ft 17.5 
Vessel overall height, ft 68 
Design pressure, psia 86.7 
Maximum leakage rate at design pressure, 
/day 0.1 
Suppression chamber and pool 
Chamber total volume, cu ft 54,300 
Air space volume, cu ft 33,400 
Water volume, cu ft 20,900 
Vent pipe submergence, ft of water 6 
Water temperature, °F 80 
Air space internal pressure rating, psia 24.7 
Internal pressure capability of concrete 
structure, psia 39.5 
Maximum leakage rate at 24.7 psia, % of 
free-air volume per day 1.0 
Refueling building 
Volume, cu ft 192,000 
Minimum exterior wall thickness, in. 12 
Maximum inleakage rate at a negative 
pressure of /; in. water, cfm 134 


Turbine-Generator, Condensate, 
and Feedwater Systems 


The power system for each plant includes 
those components which convert steam into elec- 
tric power and which provide feedwater for the 
reactor. The major components of the systems 
are shown on Fig. VIII-7, which presents sim- 
plified flow diagrams for each plant. Each sys- 
tem utilizes a tandem-compound double-flow 


Big Rock Point Humboldt Bay 


Turbines 


Speed, rpm 3600 3600 
Rating, kw 54,500 50,000 
Inlet pressure, psia 1015 1015 


Exhaust pressure, in. Hg abs. 3.5 3.5 


Generators 


Rating, kva 70,588 70,588 
Voltage 13,800 13,800 
Power factor 0.85 0.85 
Short-circuit ratio 0.80 0.70 
Hydrogen pressure, psia 45 45 


Main condensers 


Condensing surface area, sq ft 27,500 30,700 
Condensing capacity during load 

rejection, lb/hr 948 ,000 810,000 
Hot well capacity, gal 6000 6500 


Condensate demineralizers 
Number 3 3 
Size, each Half capacity Half capacity 
Maximum flow rate, gal /(min) 
(sq ft) 50 50 
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saturated-steam turbine, which is connected extraction points are provided. At its initial 
directly to a hydrogen-cooled generator. Each power rating, the Humboldt Bay system uses 
turbine is equipped with external moisture only two extractions: the third point can be used 
separators in the crossover between the high- with a high-pressure feedwater heater to in- 
pressure and low-pressure sections, and three crease efficiency. The main condenser in each 
ee eee mana) AMOISTUNE: ies aes de 
rT - 7" 4 Separator 7 
v v 
Steam 
7 Drum = 3: 
| 
4 | | Generator 
an: | vy y e Y y’ 
L E por. ee He prince 
y 4 —_—— | 
. | ik ets sate ae wai 
Reactor | | | 
| | | Condenser 
Recirc. | — | | 
Pumps H, P ine. LP Ion 
Lh Exchanger 
tater Heater Heater Condensate 
[ Pump 




















BIG ROCK POINT 


in Nc rail era” ae ea re ea Moisture pee ey 
T 7 ~ | Separator | oe 



































































a Y 4 y 
a cuce : - L.P. Turbine- 
Reactor | 
--—— ae y ¥ y { Generator 
inti. hap ‘ania, ata te ager isa a 
| [ | | 
| | Ba sai sane ste, see ss 4 
| | 
ae | | Condenser 
| 
| 
< = « Ion 
= Exchanger 
Feedwater ad Hester Condensate 
Pumps ‘7 > | | ss Pumps 





HUMBOLDT BAY 





Fig. VIII-7 Simplified flow diagrams. 
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system is a horizontal, single-pass divided- 
water-box deaerating type unit of conventional 
construction. The condensers can accept bypass 
steam at reduced pressure, and they have over- 
size, baffled, storage type hot wells that provide 
a holdup time for the decay of short-lived 
radioactivity in the condensate. The air- and 
gaS-removal equipment of the condensers dis- 
charges to the main exhaust stacks through 
oversize pipes that provide en route holdup time 
for further decay of radioactivity. Full-flow ion 
exchangers are located in the condensate sys- 
tem of each plant. 


Control and Instrumentation 


The mode of control for the plants is one in 
which the turbine follows the reactor output 
rather than system load changes. The basic 
control device for the turbine is an initial pres- 
sure regulator, and during normal operation the 
turbine admission valves are controlled by this 
regulator. The steam bypass valve is normally 
closed, and so all reactor steam flow is passed 
through the turbine. The occurrence of abnormal 
conditions, such as turbine trip, results in the 
opening of the bypass valve and the dumping of 
steam directly to the condenser. If a sudden 
loss of electrical load results in turbine over- 
speed, a speed-governor signal overrides the 
initial pressure-regulator signal. The governor 
signal initiates sufficient closure of the turbine 
admission valves to obtain acceptable turbine 
speed, but this admission-valve closure causes 
the reactor pressure and reactivity to rise. The 
increase in reactor pressure generates another 
signal, which opeus the turbine bypass valve and 
dumps steam to the condenser, thereby lowering 
reactor pressure. 


The reactor operator adjusts reactor power 
level by manual operation of the bottom-driven 
control rods. Each rod is provided with its own 
hydraulically operated drive mechanism that is 
mounted vertically in a thimble welded to one 
of the reactor bottom head nozzles. The basic 
concept of the drive mechanism is one in which 
a double-acting piston and a drive shaft are 
attached to each cruciform control element. 
Differential pressures across the piston are 
used to drive the rod into or out of the core, 
and a ratchet type locking device is used to 
hold the drive (and rod) at set positions when 
driving pressures have been removed. The 
ratchet does not interfere with insertion of the 
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control rod into the core but must be unlatched 
in order to withdraw the rod. Maximum with- 
drawal rate of a rod is 3 in./sec, and speed of 
movement is controlled by a flow-metering de- 
vice in the hydraulic circuit. Signals indicating 
control-rod positions are initiated by indicator 
mechanisms housed within the drive sections 
of the rods. A mechanism consists of a series 
of fixed, magnetically operated switches, each 
of which indicates a discrete rod position, anda 
permanent magnet which is carried on the rod- 
drive piston and which actuates the switches. 

A vertical cross section of a control-rod- 
drive mechanism of the Big Rock Point reactor 
is given in Fig. VIII-8. The mechanism is rep- 
resentative of the assembly used in Humboldt 
Bay as well as Big Rock Point, and both drives 
are modified versions of a design originally 
developed for the Dresden reactor. High- 
pressure water, which is the actuating fluid for 
the hydraulic drive unit, is introduced at one of 
two inlet ports of the mechanism, depending on 
the desired direction of movement of the con- 
trol rod. Internal passages in the unit direct the 
actuating fluid to either the top or the bottom 
of the piston, resulting in an unbalanced force 
that causes the piston to move. 

The components of the ratchet type locking 
device are shown near the top of the mecha- 
nism in Fig. VIII-8. A collet assembly, which 
consists of a piston and locking fingers, is 
spring and gravity loaded to remain in the down 
position as shown on the drawing. In this posi- 
tion, the collet fingers engage ratchet notches 
in the drive piston and lock the control rod in 
place, thereby permitting the hydraulic driving 
pressures to be removed from the drive mecha- 
nism. If scram or normal insertion of the rod 
is desired, admission of hydraulic fluid to the 
up inlet will accomplish the desired movement 
without interference from the collet assembly. 
However, inadvertent opening of the valve inthe 
down hydraulic line cannot cause rod movement 
out of the core. To withdraw the rod from the 
core, a momentary up pressure must be ap- 
plied to the mechanism; this up pressure causes 
the collet fingers to move outward and to un- 
latch as the rod begins to move upward. The 
admission of down fluid to the unit then places 
a downward-acting force on the drive piston and 
an upward-acting force on the collet assembly. 
Consequently the collet assembly moves up, 
causing the collet fingers to be held clear of 
the ratchet notches of the piston rod, thereby 
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permitting the drive piston to move down. When 
the control rod has moved down to the desired 
position, the control valve of the down hydraulic 
fluid line is closed, and the drive mechanism is 
isolated from the control pressure. With the 
pressure removed the collet assembly returns 
to its normal position, and the collet fingers 


Piston Rod 


/ 
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reenter the locking notches on the piston rod. 
Pressure within the control-rod drives is such 
that approximately 30 psi differential above 
reactor pressure is applied to.the bottom of the 
pistons. This is not enough pressure to force 
the control rods into the core, but it does pro- 
vide leakage past the drive seals for cooling. 
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Fig. VIII-8 Control-rod-drive mechanism, Big Rock Point reactor. 
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In each plant the reactor neutron-monitor 
system consists of two separate sets of detec- 
tors: the out-of-core monitors, which provide 
the operators with immediate indications of 
neutron level within the reactor from startup 
to full power and which are connected to the 
reactor safety system, and the in-core moni- 
tors, which are used to determine the neutron- 


Intermediate Range 
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that were shown in Power Reactor Technology, 
5(2): 66-67. 

The in-core flux-monitor system uses minia- 
ture fission chambers as detectors and deter- 
mines neutron flux in eight radial positions of 
the core. Detectors are located at three eleva- 
tions in each radial position, so that a total of 
24 in-core measurements can be taken. The 


Power Range 















































































































[ae S$ ‘ 
Start-up Range 
ao] 
® 
M & Proportional Counters Gamma Compensated lon Chambers Gamma Compensated lon Chambers 
a 
s 5) ie 3 TT 7 7 —T on ~- iz _— 7 
S| 3 Channel 5 Channe! 4| Channel 3) hannel 2 hannel 
Ll «& I J L ad |S J | — 
: | 
sf. ame ss een | eemtee © Sees 
S {- } yh r ry 
> [ 
a|Accessible . L Ul 
: : Enclosure } | } { {-}f 
a Se ie 6 ck See Z LE} . fff j- — IEE} - SEY 
Penetration © } y T ry J] 
Power Power | [Power] [Power ] [Power] 
(Supply] (Supply) (Supply) Supply} Supply} upply) Supply 
| = . 
Pulse ii | Pulse 
lifi ifs | 
|Amp er} [Amplifier | 
i | 7 4 fe e = os 1 r 
ICR Meter LCR Meter Log N & Period Log N & Period| |Remote| |uzp Amm |Remote|_ |p Amm Remote | uu Amm 
iL vlete CRI lad, 4 by | 
: if Amplifier Amplifier | Switch [| Flux Ampl Flux Ampl Switch | |Fiux Amp! 
3 Theistic a ge Wel LT] 
© {Counts} Counts] | [Power + Power % b4 ae % 1} | | 
s per Min| per Sec | [Level | = o}|Level Power oS] S| Power hi} | 
£ ea =e S| aif ~% Col a j “|| +] 
S Period Period} |Period| |“ A) [Period = wos = Oe 5} =| = 
re) Sec | Se Sec r Sec | = eS ©} <!_ 3] £1|oo) = 
a ee | a as o SO> o |Ealo || . of [S2)_ 
5 Short Period s& 5 Fy Jo alocl=s 2 O/PS3 
Genet -t ” 7) oat o é ae 5 ollecda o 
= Start-Up : &* S§o & eX 18d & | |§4~ 8 
o S cla Ann High Or} S 
Ll a Se Flux Warning] ,High Flux Scram =a 
_ | aoa Annunciation }Oa 
From Off-Gas, From Off-Gas To Safety Sys 
System | System 
} 2 Ren | 2 Ren Flux Level Flux Level Flux Leve 
| Recorder | | Recorder | | Recorder | | Recorder | [Recorder | 


Fig. VIII-9 Out-of-core nuclear instrumentation diagram, Big Rock Point reactor. 


flux distribution in the core and periodically to 
provide data for verification of analytical pre- 
dictions and major rod programming. The out- 
of-core monitors cover a range of nine decades 
by use of three subsystems that cover the start- 
up range, the period or intermediate range, and 
the power range. A block diagram of the out-of- 
core nuclear instrumentation of the Big Rock 
Point reactor, shown in Fig. VIII-9, illustrates 
the major features of the system provided for 
each plant. Although the Humboldt Bay system 
differs slightly from that of Big Rock Point, the 
principal components and interrelations between 
the channels are the same. Both systems in- 
corporate revisions to earlier system drawings 


three detectors for each radial core position 
are fabricated into a single assembly that is 
inserted into the core from the top. Calibration 
wires are inserted through nozzles located in 
the bottom head of the reactor pressure vessel. 


Radioactive Waste Disposal 


The principal sources of gaseous radioactivity 
are the off-gases from the main condenser air 
ejectors, the gland seal condenser, and the 
mechanical vacuum pumps. The air-ejector 
gases, which are carried to the plant stack 
through a holdup line to provide decay time, 
are passed through a high-efficiency filter 
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prior to entering the stack. Gases from the 
gland seal condenser and the mechanical vacuum 
pumps flow through a separate holdup pipe, 
which provides a shorter holdup period, andare 
discharged to the stack. Before release from 
the stack, the process gases are mixed with 
ventilating air, giving a significant dilution of 
the airborne radioactivity. 

The limits on the annual average rates of 
release of fission and activation gases from the 
stacks of Big Rock Point and Humboldt Bay, as 


given in the Technical Specifications,‘ > are 
tabulated below: 
Big Rock Humboldt 
Point Bay 
Holdup time for air-ejector gases, 
min 30 18 
Holdup time for gland-seal condenser 
and vacuum-pump gases, sec 90 50 
Minimum air flow in stack, cfm 30,000 12,000 
Stack height, ft 240 250 
Maximum permissible stack release 
rate 
Annual average, curies/sec 1.0 0.05 
Instantaneous, curies/sec 10 0.5 
Maximum permissible annual 
average stack release rate, 
expressed in units of uc/sec, does 
not exceed the permissible air 
concentrations for unrestricted 
areas, as given in 1OCFR20, 
multiplied by 1.2 x 101° 6 x 108 
cm®/sec cm*/sec 


Relatively low values of stack release rate for 
fission and activation gases are specified for 
Humboldt Bay because of uncertainties in the 
meteorology of the local coast area. The rates 
will be increased by a factor of 5 if meteoro- 
logical tests confirm that the increase is rea- 
sonable. 

The general procedures followed in liquid 
waste disposal are collection, dilution, and dis- 
charge, or storage following concentration by 
evaporation. Effluent from the liquid radioac- 
tive waste system is released under batch con- 
trol, and storage tanks are provided for re- 
treatment of effluent if required prior to 
discharge. The effluent is pumped to the circu- 
lating-water discharge duct, so that a large 
volume of nonradioactive water is available for 
use as a diluent. 
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Big Rock Point Humboldt Bay 

Minimum waste treatment Filtration Filtration 
Waste-filter capacity, 

maximum, gal/min 50 50 
Nonradioactive water available 

for diluting waste effluent, 

full power, gal/min 50,000 104,000 
Maximum waste inventory in 

system, curies 5000 10,000 


Solid wastes include spent demineralizer 
resins, contaminated tools, equipment, and 
clothes, used filters, and used process equip- 
ment such as control rods or core components. 
Demineralizer resins are normally sluiced to 
a storage tank that is sufficiently large to re- 
ceive wastes for approximately five years. 
Other solid wastes are stored inanunderground 
concrete burial vault. Room is available for 
additional storage tanks or burial vaults, and, 
when the current facilities are full, additional 
storage space will be constructed or a licensed 
contractor will be called in to remove the ac- 
cumulated solid waste material. 


Big Rock Point Humboldt Bay 


Resin storage-tank capacity, 


gal 10,000 10,000 
Maximum waste inventory, 
curies 40 ,000 50,000 
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IX Specific Reactor Types 


Power Reactor Technology 





Heavy-Water Reactors 


By J. R. Dietrich 


The last comprehensive review of heavy-water 
reactors in Power Reaclor Technology was in 
4(2): 62-77. Among the points discussed in that 
review were the following: 


1. To the extent that there is a concern about 
the possible depletion of nuclear fuel resources, 
this concern constitutes an incentive for the 
development of heavy-water-moderated reac- 
tors of high neutron economy. 

2. The power cost estimates arrived at in 
studies of heavy-water-moderated reactors have 
tended to be higher than those estimated for the 
light-water reactors. The higher estimates re- 
sult from the costs directly attributable to 
heavy water—heavy-water inventory charges 
and losses—and often from higher capital cost 
estimates. The estimated fuel costs are, ingen- 
eral, considerably below those for the H,O re- 
actors and are less dependent onuranium costs, 
plutonium buy-back prices, and fuel-processing 
costs. 

3. It is generally recognized that the differ- 
ence in economic environment for nuclear 
power generation which exists between the 
United States and Canada is responsible to a 
large degree for the differences in preference 
for light-water and heavy-water reactors in 
the two countries. It is also true, but not so 
generally recognized, that this difference in 
economic environment may also strongly af- 
fect the direction of preferred development of 
the D,O reactor in the two countries. 


Since the issuance of the preceding review, 
there have been some critical reexaminations 
of the heavy-water reactor type, as well as 
some significant technical developments, which 
have sharpened and illuminated these points. 


The reexaminations have strengthened the po- 
sition of the liquid-D,O-cooled reactor for 
the near term, and have, mostly by omis- 
sion, deemphasized the direct-cycle boiling- 
D,O pressure-tube system. Many other coolant 
possibilities have been examined, and several 
seem promising, but the organic-cooled sys- 
tem appears to emerge as the one most likely 
to give an early economic improvement over 
the pressurized D,O system. In the following 
brief review of recent developments, these 
points will be discussed in more detail. 


Heavy-Water Reactors and Fuel Supplies 


It has long been recognized in a general way 
that the capability of the D,O-moderated reac- 
tor to achieve high neutron economy and sub- 
stantial reactivity lifetime with fuel of natural 
or near-natural enrichment is a real advan- 
tage; but the implications of that advantage in 
the United States, where large enrichment fa- 
cilities are available, have been slow in being 
noticed. The AEC Report to the President! 
states that the U. S. resources of fissile isotope 
appear to be small in relation to the hoped-for 
development of nuclear power generation, and 
the recognition of this fact in that report has 
helped to give the proper emphasis to the wise 
use of nuclear fuel. Ironically, the relation of 
low-enrichment operation to fuel resource util- 
ization had not been clearly defined prior to 
the Report to the President, and the report, 
although establishing the basis of importance 
for heavy-water reactors, placed no emphasis 
on the need for that reactor type. Since the 
publication of the report, heavy-water systems 
have been examined more carefully in relation 
to efficient fuel utilization, and a more precise 
appreciation of their conservation advantages 
has developed. These advantages, which were 
brought out in a general way in the discussion 
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of nuclear fuel utilization in the previous issue 
of Power Reactor Technology |6(4): 1-38], may 
be summarized as follows: 

1. Because the heavy-water-moderated reac- 
tor can achieve high neutron economy with fuel 
of low enrichment, it possesses the unique abil- 
ity to utilize fissile isotope effectively (i.e., to 
extract a large amount of energy per net gram 
of fissile isotope destroyed) and at the same 
time to minimize the amount of fissile isotope 
required in inventory. In a rapidly expanding 
nuclear power-generation system, the tie-up 
of fissile isotope in reactor inventory repre- 
sents as effective a drain on the resource as 
does the actual destruction of the isotope. 

2. Because of its ability to achieve long ex- 
posures with fuel of low enrichment, the D,O- 
moderated reactor can minimize the effective 
loss of fissile isotope that results from the 
degradation of enrichment in the tailings from 
isotope separation plants and spent reactor 
fuel elements. 

3. Because the epithermal component of the 
neutron energy spectrum can be low in a reac- 
tor of low enrichment, and because a low ef- 
fective neutron temperature can be achieved 
by the use of cool moderator, D,O reactors of 
the pressure-tube type can minimize the ef- 
fects of the high capture-to-fission ratio (a) 
which afflicts plutonium in the epithermal- 
neutron energy regions and hence can utilize 
plutonium more effectively than other thermal 
reactors. 

4. The natural-uranium D,O-moderated re- 
actor is probably more efficient than a diffu- 
sion plant in converting raw natural uranium to 
fissile isotope for the fueling of fast breeders. 
That is to say, if a given quantity of natural 
uranium is used in a natural-uranium D,O- 
moderated reactor, the plutonium produced will 
probably provide inventory for a larger power 
capacity of fast breeder than would the u"* that 
could be extracted from the same quantity of 
natural uranium by a diffusion plant operating 
with a practical value of tails enrichment. 

5. If it should prove desirable to operate on 
a thorium fuel cycle, the D,O-moderated reac- 
tor would still retain the relative advantage of 
achieving high conversion ratio with low inven- 
tory requirement. Furthermore, it apparently 
has the capability of utilizing plutonium effi- 
ciently as a means of starting the U***-thorium 
cycle, and its chances of breeding on that cycle 
are as good as or better than those of other 
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solid-fuel reactors operating in the thermal or 
near-thermal energy range. 


Power Cost Estimates 


In the more recent studies of nuclear power 
plants employing heavy-water reactors, the 
estimated power costs have improved relative 
to estimates for light-water plants of compa- 
rable output, and the prospects appear good for 
competitiveness in plants of large size. De- 
Signers who have some experience with the 
uncertainties in power cost estimates are likely 
to discount the significance of such estimates 
if they are based on anything short of detailed 
construction drawings. However, if the current, 
rather favorable estimates are discounted be- 
cause of uncertainties, at least the earlier, 
less favorable estimates should be viewed with 
equal, or greater, reservation. 


Actually there are good reasons for improve- 
ments in the estimated economic performance. 
Not the least of these is the advancement of the 
technology, most clearly demonstrated by the 
operation of the NPD plant? and the advanced 
stage of construction of the Douglas Point Sta- 
tion®” (scheduled® for full-scale commercial 
operation in 1965) in Canada and by the startup 
of the Carolinas-Virginia Tube Reactor (CVTR) 
in the U.S. [see Power Reactor Technology, 
6(4): 63-81, for a review of the CVTR design]. 
Another important factor is the development of 
more favorable design concepts and the opti- 
mization of design of the particular concepts. 
As pointed out in the previous review, optimi- 
zation and attention to design detail are of the 
highest importance in those reactors (for ex- 
ample, the heavy-water reactors) whose attrac- 
tive features depend on good neutron perform- 
ance. Finally, most of the more recent power 
cost studies have been made at higher power 
levels [500 Mw(e)] than the earlier studies. The 
economic performance of the heavy-water re- 
actors improves relative to that of the light- 
water reactors as plant size increases and 
presumably would experience a step increase 
if plant size were increased further to the point 
that a single light-water reactor could not sup- 
ply the required thermal power. 


The recent power cost estimates for reactors 
cooled and moderated by D,O have been made 
by the Du Pont Company at the Savannah River 
Laboratory,° by a joint team from the American 
Electric Power Service Corporation (AEPSC) 
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and the General Nuclear Engineering Corpora- 
tion (GNEC)® and by the AECL Chalk River 
Laboratory.’ Although each of these groups 
has considered several D,O-moderated reactor 
types, the results for the liquid-D,O-cooled type 
will suffice to show the trend of the estimates. 
Table IX-1 summarizes the characteristics of 
the reactors which were described by the three 
groups at a joint USAEC-AECL review"! in May 
1963. Table IX-2 summarizes the capital and 
fuel cost estimates for the three plants. These 
are somewhat more susceptible to comparison 
than are the estimates of power-generation 
cost, inasmuch as they are less affected by 
ground rules. However, it is clear that differ- 
ent groups use different criteria for the break- 
down between direct and indirect costs. The 
inclusion of D,O inventory at $20 per pound is 
for the sake of comparison only. The power 
cost estimates of the various groups covered 
D,O prices from $17 per pound to $28 per 
pound, with and without depreciation, and, of 
course, included allowances for D,O losses. 
The references should be consulted for the un- 
derstanding of the ground rules necessary for 
the interpretation of power cost estimates. 
However, for purposes of orientation, it may be 
mentioned that the Du Pont and AEPSC-GNEC 
estimates were, respectively, 5.8 and 6.9 mills/ 
kw-hr for the case of private utility financing 
with nondepreciating D,O. 


Other economic studies of very large heavy- 
water reactors have considered the production 
of process heat for water desalinization— in 
most cases with concurrent electric generation 
by backpressure turbines. Reference 12 (see 
also Ref. 13), reporting work at the Oak Ridge 
National Laboratory (ORNL), considers a plant 
of 25,000 Mw(t), employing three heavy-water- 
moderated reactors, each of 8333 Mw(t) capac- 
ity, cooled by boiling light water.* With munic- 





*This reactor is of particular interest technically, 
for it appears to achieve a negative coolant-void co- 
efficient of reactivity. This has not been previously 
reported for D,O-moderated reactors cooled by H,O 
and, in general, has been considered very difficult, if 
not impossible, with natural-uranium fuel. The de- 
sign described in the reference is unusual in that it 
uses quite massive fuel elements and a high fuel-to- 
moderator ratio. This entails the penalties of low 
specific power and reduced reactivity lifetime, but 
these penalties appear to be tolerable in the econom- 
ics of the very large reactor system. 
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ipal financing and a plutonium credit of $6.7 
per gram (as nitrate), the plant is estimated to 
produce electric power at 1.55 mills/kw-hr and 
fresh water at 11.0 cents per 1000 gal, when 
water and electricity are sold in the ratio of 
9 gal per kilowatt-hour. 


Reference 12 does not make comparisons 
with other reactor types for the desalinization 
application, but a recently issued report!‘ gives 
the results of a study of sea-water distillation 
by nuclear heat (with electric power production 
by backpressure turbines), carried out by the 
Bechtel Corporation for AEC. In the study!‘ 
light-water reactors and water-cooled graphite - 
moderated reactors were considered in addi- 
tion to organic-cooled D,O-moderated reactors. 
The study utilized reactor and fuel cost infor- 
mation supplied by ORNL and by various con- 
tractors through the AEC Division of Reactor 
Development and the Savannah River and Han- 
ford Operations Offices. The D,O-moderated 
reactor was found to give the lowest cost heat, 
primarily because of its low estimated fuel 
cost. 


Canadian and U. S. Approaches 


The differences between the economic en- 
vironments of nuclear plants in the U.S. and 
Canada are well known, and it has become a 
cliché to point out that the low capital charge 
rate applicable to the Canadian reactor (about 
6.5% per annum) causes the balance between 
capital costs and fuel costs, which usually must 
be struck in economic optimizations, to be 
tipped in favor of low fuel costs. It has been 
recognized that this circumstance plays a large 
part in the Canadian choice of the heavy-water 
reactor and that, in combination with some other 
nontechnical considerations, it plays a large 
part in the favorable performance shown by the 
natural-uranium designs in the Canadian envi- 
ronment. What is not so generally recognized 
is the extent to which these effects permeate 
the entire Canadian design approach, making it 
uniquely fitted for the Canadian power economy 
and for the use of natural uranium. This effect 
may be seen by examining the characteristics 
of the Canadian and U.S. designs listed in 
Table IX-1, and it will become even more ob- 
vious if the designs are examined in detail. The 
most straightforward comparisons can be made 
between the Canadian design and the AEPSC- 
GNEC design, since both have rod type fuel 
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Table IX-1 COMPARISON OF DESIGNS FOR 500-Mw(e) LIQUID-D,0-COOLED REACTORS*!! 
Canadian Du Pont AE PSC-GNEC 
(AECL-1730)”° (DP-830)8 (NP-12344)° 
General 
Gross thermal output, Mw(t) 1570 1838 1850 
Net electrical output, Mw(e) 491 491 489 
Net thermal efficiency, % 3153 26.7 26.4 
Total D,O inventory, metric tons 350 325 390 
Refueling method On-line Shutdown On-line 
Primary coolant system 
Design pressure, psia 1830 1730 1760 
Coolant inlet temperature, °C 266 260 257 
Coolant outlet temperature, °C 310 310 302 
Coolant flow rate, gal/min 122,000 138,000 128,000 
Maximum coolant velocity, ft/sec 30 30 40 
Fuel 
Fuel material UO, UO, UO, 
Fuel cladding Zircaloy Zircaloy Zircaloy— 2.5% Nb 
Fuel configuration Solid rods Coaxial tubes Hollow rods 
Fuel bundle length, ft 17 15 4.5 
Concentration of U™*, % 0.71 1.19 1.41f 
Average fuel burnup, Mwd/metric ton of U 8680 14,000 19,700 
Number of fuel positions 387 226 560 
Core fuel inventory, metric tons of U 95.7 27.4 51.4 
Reactor core 
Pressure-tube concept Hot Cold Cold 
Core length (including reflector), ft 21.4 19 20 
Reactor diameter (including reflector), ft ~23.9 18 22 
Control method Rods Rods Ball columns 
Number of control positions 16 23 187 
Pressure-tube inside diameter, in. 4.0 4.4 3.5 
Maximum heat flux, Btu/(hr) (sq ft) 330,000 850,000 620,000 
Average specific power, Mw/metric ton of U 16 68 36 
Mw/metric ton of total D,O 4.5 5.2 4.8 
D,O moderator inventory, metric tons 265 163 242 
Turbine plant 
Throttle steam pressure, psia 762 522 540 
Throttle steam temperature, °C 265 245 246 
Type of steam cycle Reheat Nonreheat Nonreheat 
Feedwater return temperature, °C 182 200 188 
Condenser pressure, in. Hg 1.0(?) 1.5 1.5 
Gross cycle efficiency, % 34.6 30.0 28.4 





*Basic numbers are from Refs. 8 to 10. However, the AECL numbers, where appropriate, have been ad- 
justed upward from the 457-Mwée) output of Ref. 10 to the 491-Mwé(e) value appropriate for this comparison. 
fOptional operation to 5000 Mwd/metric ton of U possible with natural uranium. 


elements in 19-rod bundles. Some of the sig- 
nificant items are the following: 

1. Although the important coolant tempera- 
tures are not greatly different in the Canadian 
and U.S. designs, the thermal efficiency of the 
Canadian plant is substantially higher, with the 
result that the U. S. designs generate some 18% 
more thermal power for a given electrical out- 
put. The higher thermal efficiency appears to 
result from a slightly lower condenser pres- 
sure, the use of a reheat steam cycle, and the 
use of U-tube U-shell steam generators that 
do not restrict the temperature of the generated 
steam to a value less than the coolant inlet tem- 


perature to the reactor. The latter point is il- 
lustrated in Fig. IX-1. The U-tube U-shell gen- 
erators are avoided in the U. S. design studies 
because of their estimated high capital cost. 

2. The Canadian designs use a larger quantity 
of heavy water in the reactor tank—part of it 
to afford a generous 2-ft reflector—but they 
use a much smaller quantity of heavy water in 
the external coolant system to reach a total that 
is intermediate between that for the Du Pont 
and the AEPSC-GNEC designs (Table IX-1). 
The low external inventory results from the use 
of the counterflow coolant arrangement in ad- 
jacent pressure tubes, illustrated in Fig. IX-2, 
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which eliminates the need for return lines from 
one end of the reactor to the other, and appar- 
ently also from a design approach that weights 
very heavily the considerations of minimizing 
the external D,O inventory. This approach is 
illustrated in Fig. IX-3, showing a bank of 
pumps and steam generators for the 200-Mw(e) 
CANDU reactor (the reactor for the Douglas 
Point Station). The unit shown in the figure, 
comprised of five pumps and four steam gen- 
erators, each of the latter utilizing 10 vertical 
U-tube heat exchangers, serves one end of the 
reactor and is duplicated at the other end. The 
holdup of D,O in headers and other parasitic 
volumes is comparatively small. Again, U.S. 
practice would indicate a smaller number of 
larger units on capital cost considerations. 


Table IX-2 





SPECIFIC REACTOR TYPES 89 


3. The Canadian design produces more power 
per unit length of fuel element than does the 
U. S. design (AEPSC-GNEC) that utilizes fuel 
assemblies of the same (rod bundle) type. Pri- 
marily this is the result of a flatter power 
distribution in the Canadian reactor (appar- 
ently a maximum-to-average ratio of 1.5 vs. 
2.6 in the U. S. design). The immediate reasons 
for the excellent power flattening achieved in 
the Canadian design are primarily the thick 
reflector and the bidirectional push-through 
scheme of fuel reloading. The latter is illus- 
trated in Fig. [IX-4. There is, however, a more 
fundamental reason why better power flattening 
can be achieved in a reactor designed for rela- 
tively low fuel burnup than in one designed for 
high fuel burnup. 


CAPITAL AND FUEL COST ESTIMATES FOR 


500-Mw(e) LIQUID-D,0-COOLED REACTORS"! 








Canadian Du Pont AEPSC-GNEC 
(AECL-1730)”° (DP-830)8 (NP-12344)° 
Capital costs [all costs are in millions 
of U.S. dollars and apply to single 
units of 500 Mw(e) capacity] 
Land and land rights 0.4 0.4 
Structure and improvements 6.0 12.1 
Reactor plant equipment 21.7 37.2 
Turbine-generator equipment 27.8 25.2 
Total direct cost 55.0 55.9 74.9 
Indirect costs (including contingency) 36.7 29.9 27.0 
Total construction cost 91.7* 85.8 101.9 
Total construction cost, $/kw(e) 202 175 208 
D,O inventory at $20/lb 14.3 15.4 17.2 
Total plant cost 106.0 101.2 119.1 
Total plant cost, $/kwée) 232 206 244 
Fuel characteristics 
Fuel material UO, UO, UO, 
Fuel shape Rod Tube Hollow rod 
Cladding Zircaloy Zircaloy Zircaloy— 2.5% niobium 
Fabrication method Pelletizing Mechanical Pelletizing 
compaction 
Concentration of U**>, % 0.715 1.19 1.41 
Average exposure, 8680 14,000 19,700 
Mwd/metric ton of U 
Fuel-cycle costs, $/kg of Uf 
Conversion and fabrication 21.60 71.44 
Shipping (fresh and spent fuel) 2.50 19.01 
Depletion of U*% 66.10 88.12 
Reprocessing 26.08 28.88 
Use of U5 3.21 7.23 
Net plutonium credit (36.43) (46.35) 
Other 1.19 
Total, $/kg of U 52t 84 168 
Total, mills/kw-hr 0.80 0.94 1.35 





*For a 454-Mwée) plant. 
{Costs tabulated under ‘*Du Pont’? and ‘‘AEPSC-GNEC” are for U. S. Government ownership of fuel; 
the AEPSC-GNEC estimate of total fuel cost under private ownership is 1.29 mills/kw-hr. 
{Throwaway fuel cycle. 
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In uranium-cycle reactors with reasonably 
high conversion ratios, the initial effect of fuel 
exposure is to increase the macroscopic fis- 
sion cross section, because the macroscopic 
fission cross section of Pu?” is considerably 
higher than that of U**, This usually occurs 
even though the reactivity may be decreasing 
because of the lower 7 of Pu?* and the buildup 
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old fuel bundles produce as much power, on 
the average, as the new ones. 

At a given conversion ratio, this effect is 
more pronounced in low-enrichment reactors 
(e.g., the heavy-water reactors) than in the re- 
actors that inherently use higher enrichment 
(e.g., the light-water reactors), simply because 
the fractional burnup of fissile isotope, for a 
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Fig. IX-1 Comparisonof U-tube U-shell and U-tube conventional-shell heat exchanger. The U-shell 
design produces hotter steam principally because of the countercurrent flow in the feedwater— D,O- 
outlet leg of the U: this countercurrent flow, in conjunction with a low feedwater inlet temperature, 
is used to cause the point of minimum temperature difference to occur where the D,O temperature 





is relatively high. 


of fission products. In such reactors the mac- 
roscopic fission cross section of the fuel will 
go through a maximum as exposure continues 
and as the Pu2* content approaches an equilib- 
rium value, and it will eventually decrease to 
a value far below its initial value. Until the fis- 
sion cross section decreases below its initial 
value, power flattening by appropriate fuel 
shuffling or incremental reloading procedures 
may be very effective. However, when a reac- 
tor contains old fuel with substantially de- 
creased fission cross section, the best the 
fuel-shuffling program can do is to flatten the 
neutron-flux distribution; it cannot make the 


given exposure in megawatt-days per ton, is 
larger in the low-enrichment reactor. The ef- 
fect is felt rather strongly in the AEPSC-GNEC 
design. 

The other effect of high-burnup fuel on power 
distribution occurs in the initial period of op- 
eration: not only is the initial fuel composition 
far different from that which characterizes the 
final equilibrium reloading cycle, but the non- 
equilibrium period lasts so long that compro- 
mises in either fuel or reactor performance 
during that period are quite expensive. The 
designer must then solve the double problem 
of finding a favorable equilibrium power dis- 
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tribution and of establishing that distribution 
without creating a less favorable distribution 
during the nonequilibrium period. 

The Canadian design (relative to the AEPSC- 
GNEC design) utilizes much more massive fuel 
elements, with a consequent reduction in fab- 
rication cost per pound of uranium. Partly this 
results from several of the points discussed 
above. The high value of average power per 
unit length of fuel element, along with the low 
cost of the natural-uranium fuel, allows the use 
of massive elements without an important pen- 
alty in fuel inventory charges. At the same 
time, the economical use of D,O in the exter- 
nal circuit gives a reasonably high value of 
specific power relative to total D,O, despite 
the fact that a low specific power relative to 
fuel implies also a low specific power relative 
to that D,O which is in the reactor tank. 

The use of the large fuel rods results also 
from Canadian developments directed specif- 
ically toward the problems of fuel bundles for 
heavy-water reactors. The fundamental dif- 
ference between fuel designed for this appli- 
cation and fuel designed for the typical U. S. 
light-water reactors is that space for fission- 
gas accumulation cannot be provided in the 
heavy-water case without incurring an unde- 
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sirable power peaking due to the end-peaking 
or Wilkins effect. Much of the Canadian fuel 
research has been directed toward the under- 
standing of the behavior of fission gases in 
oxide fuel elements, and presumably these de- 
velopments, along with the relatively low burn- 
up of the fuel, are factored into the Canadian 
design. The elements specified in Ref. 10 (di- 
ameter, 0.74 in.), are considerably larger than 
the 0.60-in. elements specified for the CANDU 
reactor. In contrast to this rather massive de- 
sign, the U.S. design utilizes a smaller ele- 
ment, with a central hole that serves the dual 
purpose of reducing the maximum oxide tem- 
perature and providing a space for the fission 
gases that may be released (Fig. IX-5). 

The other U.S. design, produced by the Du 
Pont group, utilizes the Savannah River fuel- 
element approach that has been under develop- 
ment for some time. The massive full-length 
fuel elements consist of coaxial Zircaloy-clad 
tubes of uranium oxide (Fig. IX-6). They are 
fabricated by pouring fused uranium oxide 
powder into prefabricated Zircaloy sheaths, 
consolidating the powder by vibratory compac- 
tion, and swaging the composite tube over a 
mandrel to increase the oxide density above 
90% of theoretical. At the present time the di- 
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Fig. IX-2 Coolant-flow paths and fuel movement directions, CANDU reactor. 
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Fig. IX-3 CANDU boiler and circulating pump arrangement.’ This bank of equipment serves one 
end of the reactor, and an identical bank serves the other end. The D,O primary coolant passes 
through the tubes of the heat exchangers. The headers are 16 in. in outside diameter by 32 ft leng, 
with 1.5-in. walls. The feeder tubes are of four sizes, 114, 114, 2, and 2'4 in. (normal), according to 
the coolant-flow requirements of the pressure tubes served. 
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Fig. IX-4 Radial flux, power, and fuel feed distri- 
butions in CANDU.'’ Here w is the discha rge fuel 
exposure in neutrons per kilobarn; nvt = (neutrons/ 
kilobarn) (1074). 


rect development effort on heavy-water power 
reactors in the U.S. consists largely of the 
development and testing of the tubular fuel ele- 
ments, in both metal and oxide versions, at 
Savannah River. Some irradiation tests have 
been made in the Vallecitos Boiling-Water Re- 
actor, but currently all testing is being done in 
the Heavy-Water Components Test Reactor 
(HWCTR),'> which was constructed primarily 
for the development of fuel elements for heavy- 
water reactors. The status of elements cur- 
rently under test is summarized in Table IX-3, 
The experience to date has been encouraging 
for the tubular elements containing oxide of 
relatively high density, but failures have been 
experienced in elements containing oxide in the 
83% of theoretical density range. The following 
quotation is from Ref, 16: 


By the end of June, the maximum exposure at- 
tained by any of the fuel elements in the HWCTR 
was 7400 MWD/ton U in oxide tubes that were op- 
erating at a maximum fk dt of 22 watts/em. How- 
ever, fuel testing in HWCTR during the May-June 
period was interrupted three times by failures of 
oxide fuel assemblies. The cause of these failures 
has not yet been determined. Information available 
while this report was in preparation indicates that 
the failures were due to the collapse (under the hy- 
draulic pressure of the coolant— 1200 psi max.) of 
the outer sheathing of Zircaloy. The failures oc- 
curred only in fuel tubes that were filled with UO, 
having a density of about 83% of theoretical; oxide 
of 88% density gave sufficient support to the clad- 
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ding that failure has not occurred. The first fail- 
ure, which occurred during a power ascension on 
May 31, was in an assembly of eight short oxide 
tubes, the hottest of which had operated at a maxi- 
mum f{kdt of 50 watts/em to a maximum exposure 
of about 3000 MWD/ton U. Another failure of this 
type of UO, element had occurredon April 3 shortly 
after a reactor shutdown. The other full-length ox- 
ide tubes failed during subsequent reactor opera- 
tion: one during a startup, the other during normal 
operation. These latter tubes had operated at a 
maximum fkdt of 28 watts/em and had attained 
maximum exposures of 4800 and 5600 MWD/ton U. 


Reference 16 also describes a new vibrator 
that has been installed at the Savannah River 
Laboratory. It is expected to facilitate the 
attainment of high oxide density, as well as 
to make possible the fabrication of larger 
elements, 
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Fig. IX-5 Detailsof the fuel rod inthe AEPSC-GNEC 
design.? 
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The typical reactor design prepared by the 
Du Pont group® differs quite markedly from the 
typical Canadian designs (Table IX-1). The use 
of tubular elements rather than rod bundles and 
the use of slightly enriched rather than natural 
uranium lead to quite high specific power rela- 
tive to the fuel and relative tothe D,O in the re- 
actor because of the favorable geometry of the 
fuel for heat removal and the relatively thin 
oxide sections that were used. In the Du Pont 
design, on-power refueling is not used, Partial 
core reloading is contemplated, and radial 
power flattening is achieved by using higher 
average fuel exposures (or lower enrichments) 


All Cladding 0.020" Thick 
Zircaloy-2 


UO2: 1.19% U255 









































Fig. Ix-6 Du Pont fuel element. 
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near the center rather than near the edge of the 
reactor. 


Organic-Cooled Heavy-Water Reactors 


It must, of course, be recognized that the 
organic-cooled system has not reached nearly 
the same stage of development as the liquid- 
D,O-cooled system. The problem of organic 
fouling of fuel elements is well known. Recent 
results indicate that the problem may be con- 
trolled by careful attention to the initial cleanup 
of the system, control of the halogen (chlorine) 
content of the coolant,'' and suitable filtration. 
Fuel elements suitable for the desired operating 
temperatures have not been demonstrated, al- 
though the possibilities of utilizing carbide 
fuels, or even metallic uranium, offer some 
promises of nuclear and thermal performance 
which are absent in the aqueous-coolant cases; 
however, the area of uncertainty in the devel- 
opment of a usable fuel element lies not in the 
fuel materia! but in the cladding material. Also, 
a pressure-tube design has not been proved. 
In both of these problems a key question is 
whether zirconium will operate satisfactorily 
in contact with hot organic in the reactor envi- 
ronment, Canadian investigations of this ques- 
tion have been encouraging but are not yet con- 
clusive. If zirconium or a low-cross-section 
zirconium alloy cannot be used in these appli- 
cations, the sintered aluminum product (SAP) 
of aluminum and aluminum oxide, which has 
been under development for organic reactors 
for a number of years, provides another pos- 
sibility; however, it presents problems of fab- 
rication, particularly welding problems, and 
is a rather brittle material, with less high- 


Although it is difficult to compare the re- 
sults of economic analyses made by different 
groups, the comparative results of a particular 
group for reactors of different types should 
have a more straightforward interpretation. It 
is, therefore, the more striking that the groups 
which have recently looked at various advanced 
heavy-water reactor types have all estimated 
the lowest power-generation costs for the 
organic-cooled type. These results are listed 
in Table IX-4, This list includes the results of 
studies!’ on the organic-cooled type by Combus- 
tion Engineering, Inc., under ground rules iden- 
tical to those used earlier by the AEPSC-GNEC 
group for studies of the D,O-cooled and gas- 
cooled types. 
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Table IX-4 ESTIMATED FUEL CYCLE AND POWER COSTS FOR SINGLE-REACTOR PLANTS IN THE 
450- to 500-Mw(e) RANGE, UTILIZING D,O-MODERATED REACTORS WITH VARIOUS COOLANTS 








Fuel-cycle - Total energy 
Reactor Estimating cost, cost, 
coolant group Type of financing Fuel mills/kw-hr mills/kw-hr 
Liquid D,0 0.94 5.79 
Boiling D,O Private plant, AEC ae : .68 5.94 
ee oe Du Pont® pe ae ‘ Enriched uranium re : . z cS 
H,O fog fuel ownership 0.68 5.65 
Organic 0.69 5.02 
naire Private plant, private — — 
Boiling DO} AEPSC-GNEC*? a ee Enriched uranium 1.09 6.84 
ae fuel ownership 
CO, gas 1.66 9.08 
Organic Combustion Private plant, private Enriched uranium 0.72 5.50 
Engineering*!” fuel ownership 
Liquid D,O 0.80 3.86 
H,O fog oer . = , 0.86 3.89 
>L anadis Nz é é 
Boiling H,0 AECL Canadian utility atural uranium 0.69 3.77 
0.42 3.45 


Organic 





*These two studies used identical ground rules. 
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temperature strength than would be desirable. 
The organic-cooled design studies that have 
served as the basis for the economic evalua- 
tions discussed here have all utilized SAP-clad 
fuel elements. All of them have had also, either 
as the reference design or as a backup design, 
composite pressure tubes that, in one way or 
another, place SAP in contact with the organic 
but utilize Zircaloy for its strength properties 
and low neutron absorption. 

It is hardly surprising that the organic cool- 
ant appears attractive in this application, for 
the low-vapor-pressure characteristic of the 
organic is particularly attractive in the pres- 
sure-tube concept. The use of a separate non- 
organic moderator reduces the rate of organic 
decomposition to a fraction of that experienced 
in a reactor that is both moderated and cooled 
by an organic liquid. Further, as discussed 
above in connection with the D,O-cooled reac- 
tors, the traditional approach of attempting to 
improve economic performance through work- 
ing the fuel harder and increasing the specific 
power may well yield limited returns when ap- 
plied to low-enrichment D,O-moderated reac- 
tors. If this is the case, the well-known defi- 
ciencies of the organics as heat-transfer fluids 
may prove to be relatively unimportant in this 
application, particularly since their use elimi- 
nates most of the ex-reactor D,O inventory that 
is associated with the D,O-cooled types and 
thus reduces the importance of a high specific 
power relative to the in-reactor D,O. It is pos- 
sible also that specific design approaches can 
be utilized to minimize the poor heat-transfer 
properties while exploiting the relatively high- 
temperature capabilities of the coolant. An ap- 
proach of this type, which was utilized in the 
Combustion Engineering design study, is illus- 
trated in Fig. IX-7. Serious work toward the 
development of organic-cooled heavy-water re- 
actors is under way in Canada with the WR-1 
Test Reactor’® at the Whiteshell Nuclear Re- 
search Establishment in Manitoba, and in Eu- 
rope under the ORGEL (Organique-Eau Lourde) 
program,'*-*! sponsored by Euratom. 
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Section 
X Unconventional 


Approaches 


Power Reactor Technology 





Design Study of 
Thermionic Nuclear Plant 


A recent report! describes a feasibility study of 
a water-cooled thermionic nuclear power plant 
of the portable medium-power (PM) class, which 
was carried out for the Atomic Energy Com- 
mission by the Martin Co. 

The major design criteria established before 
the beginning-of-life study were:! 


(1) The plantis to have a net power output of 1000 
kwe, 60-cycle 3-phase ac at 480 volts. The plant is 
to be of the preassembled type, meeting the air- 
transportability requirements of the C-130A air- 
craft (i.e., maximum size—8'4 ft x 8'4 x 30 ft; 
maximum weight —30,000 lb). In addition, the plant 
and modules are to be designed for minimum on- 
site erection and operating requirements. 

(2) The reactoris tobe cooled with either a natu- 





ral or forced circulation water system. 

(3) Thermionic converters are to be incorporated 
within the fuel elements. They are to be of the low 
temperature cesium plasma type, utilizing a re- 
fractory metal cathode that also serves as cladding 
for the fuel in each device. 

(4) The reactor core isto be designed for a mini- 
mum of 10,000 fueled power hours. 

(5) An air-cooled heat rejection system for mini- 
mum size and weight (air at 80°F maximum, —60°F 
minimum) is to be incorporated in the design. 

(6) A theoretical analysis is to be conducted to 
determine plant nuclear, thermal, and electrical 
responses during startup, gradual load changes, and 
step transients. 


The study included a cost analysis; however, 
this review will confine its attention to the reac- 
tor design features. Previous reviews in Power 
Reactor Technology, which covered only the 
principles of thermionic electric generation, 
may be found in 3(1): 6-14 and 3(3): 48-50. Ref- 
erence 2 is a good discussion of general princi- 
ples and is of more recent date. 





A thermionic converter transforms nuclear 
heat directly into electricity without the inter- 
mediate step of conversion to mechanical energy. 
It accepts heat at a high temperature T (ina 
nuclear thermionic reactor, this heat is sup- 
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(a) Schematic of Thermionic Converter Diode. 


Ge—Heut Rate from Nuclear Fuel Emitter 
Te — Temperature of Emitter. 

Gc— Heat Rate Rejected from Collector. 
Tc — Temperature of Collector. 


y —Interelectrode Spacing. 
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(b) BWR, Direct Cycle, Forced Circulation 


Fig. X-1 Schematic of nuclear thermionic converter. 
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plied by the fissioning fuel), rejects heat ata 
lower temperature T,,and generates electric 
energy. It also performs according to the ther- 
modynamic principles applicable to all heat 
cycles. The converter consists of two electrodes 
(part a of Fig. X-1), the emitter or cathode and 
the collector or anode. The emitter receives 
heat, q, , and delivers electrons with positive ki- 
netic energy. The emitted electrons cross the 
interelectrode spacing, y, to the collector, doing 
work against the electrical load and dissipating 
additional energy, which must be rejected as 
heat, in the collector. The characteristic space- 
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charge barrier formed in the interelectrode 
spacing, which can place a severe limit on the 
current density, can be alleviated by reducing 
the spacing to a few microns :and/or by the in- 
troduction of positive ions. The latter remedy 
is usually applied by filling the gap with an 
easily ionized gas (e.g., cesium) that becomes 
partially ionized by electron collisions. 

The main characteristics of the reactor de- 
scribed in Ref. 1 are listed in Table X-1. All 
the electrical generation is by thermionic means. 
The heat rejection is by means of a forced- 
circulation boiling-water system in a direct 





Table X-1 NUCLEAR THERMIONIC POWER PLANT: 
SUMMARY OF CONCEPTUAL DESIGN CHARACTERISTICS! 
Overall performance data Reflector control data 
Thermal power, Mw(t) 16 Number of drums 18 
Electric power, Mw(e), net 1 Diameter of drums, in. 6 
Core life, full-power hours 10,000 Drum composition 
Design pressure, psia 150 Poison facing material Ag-In-Cd 
Average core coolant Drum body BeO 
temperature, °F 358 Nuclear worth of control drum 
Core design characteristics system, % 
Geometry Right-circular Cold 2.0 
cylinder Hot 2.5 
(approximately) Nuclear worth of control 
Diameter, average, in. 40.2 fuel-bundle system, % 3.0 
Active length, in. 44 Average thermal core flux, 
Overall length of fuel initial, nv 7 x10" 
element, in. 48 Control requirements, % 
Core structural material Stainless steel Cold-hot 0.5 
Fuel-element data Cylindrical, series- Equilibrium poisons 1.5 
connected diodes, Maximum poisons 0.3 
UO,-Mo fuel, Mo Lifetime 1.0 
alloy electrodes, Core heat-transfer and 
ZrO, insulator, hydraulic characteristics 
stainless-steel Heat flux, Btu/(hr)(sq ft) 
sheath Average 66,400 
Sheath outside diameter, in. 0.620 Maximum 197,200 
Sheath thickness, in. 0.015 DNB ratio 6.4 
Insulator (ZrO,) thickness, in. 0.100 Exit quality, % 
Collector thickness, in. 0.020 Average 15 
Plasma (Cs) gap thickness, in. 0.010 Hot channel 30 
Emitter (fuel-pellet cladding) Reactor flow rate, lb/hr 403,000 
thickness, in, 0.020 Mass flow rate, lb/(hr)(sq ft) 234,000 
Fuel-pellet diameter, unclad, in. 0.290 Thermionic characteristics 
U55 loading, core total, kg 117 Electrical power density, 
UO, concentration in fuel watts/cm? 4.0 
pellets, g/cm? Diode efficiency, % 10 
Central zone Lv Emitter temperature 
End zones 4.3 Average, °C 1450 
Burnable poison-element data, Average, °F 2642 
cylindrical zirconium Maximum, °C 1500 
boride-zirconium Maximum, °F 2732 
Diameter of rods, in. 0.43 Collector temperature 
Number of rods 129 Average, °C 650 
Boron (natural) loading per Average, °F 1202 
rod, g 1.85 
Total boron (natural) 
loading, g 240 
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cycle, i.e., steam from the reactor coolant is 
sent directly to an air-steam condenser (part 
bof Fig. X-1). The relatively low steam pres- 
sure is chosen on the basis of overall practica- 
bility and transportability, inasmuch as high 


Liquid Collector 


pressure is not required for thermodynamic 
reasons. 

The solid moderator (zirconium hydride) is 
used to minimize the. temperature defect of 
reactivity and to minimize the variation of the 
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Fig. X-2 Pressure vessel and internals.! 
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spatial power distribution with power level. A 
spatial power distribution that stays constant 
with time, particularly in the axial direction, 
is highly desirable in this reactor type to obtain 
the best performance from the in-core thermi- 
onic diodes. As indicated in later paragraphs, 
the diodes in a given fuel element are connected 
in series electrically. The fission-heated cath- 







y 
oY Center of Removable Bundle 


Fig. X-4 Cross-sectional view of pressure vessel and core. 


odes of the diodes depend on electron emission 
for cooling, and, at the same time, the electron 
emission current density depends on the cathode 
temperature. In the series-connected system, 
the cooler, lower-power cathodes can choke off 
the “coolant” flow of electrons to the hotter cath- 
odes unless the areas of the several diodes, 
which are in series, are carefully proportioned 
to compensate for the effect. This can be done 
only if the power distribution among the diodes 
remains nearly constant. This consideration also 
influenced the choice of control system, which 
utilizes rotatable absorbing drums in the reflec- 
tor (along with burnable poison) for operating 
control and movable fuel bundles for shutdown. 
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The core and associated components of the 
reactor are contained within the pressure ves- 
sel (see Fig. X-2). The control-drive mecha- 
nisms are attached directly to the pressure- 
vessel head. The basic internal structure is the 
core barrel, which locates and supports the 
core, moderator, reflector, and additional struc- 
ture. Appended to the bottom of the core barrel 


Pressure Vessel rR 
54 LD. x .500 wall 


Core Barrel 
48" 1.0. 


HX \ 
‘| 


Neutron-Absorbing 
| | Material 
[| Reflecting Material 


Control Drum 


Core Shroud 


Reflector 


1 


is the core support plate that transmits the en- 
tire load to the core support brackets integral 
with the pressure vessel. 

The construction of the fuel elements is 
shown in Fig. X-3. A dispersion pellet of UO,- 
molybdenum serves as the fuel, and the mo- 
lybdenum cladding serves as the emitter. A 
cesium gap separates the emitter from the mo- 
lybdenum collector, which is electrically at- 
tached to the emitter of the adjacent fuel pellet. 
Outside the collector is a zirconium oxide 
sleeve enclosed by a stainless-steel tube. The 
zirconium oxide not only must isolate the col- 
lectors electrically from each other and the 
stainless-steel tube, but it must also provide a 
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medium for conducting the collector heat to the 
stainless-steel tube and thence to the coolant. 
The diode collectors are separated by Al,O; 
spacers that serve as electrical insulators. At 
the end of each fuel element is a reflector sec- 
tion composed of beryllium oxide. The current- 
conducting loads from the ends are made of 
molybdenum, 

The UO,-molybdenum cermet was chosen be- 
cause of the good compatibility of UO, and mo- 
lybdenum. In addition, molybdenum has a mod- 
erate neutron-capture cross section (relative 
to other possible materials) and good high- 
temperature strength. UO, was chosen in pref- 
erence to other uranium compounds because of 
its proven performance characteristics, 

Six materials — molybdenum, niobium, irid- 
ium, rhenium, tungsten, and tantalum — were 
considered for the cathode material, The last 
four were rejected because of their large ther- 
mal and epithermal absorption cross sections 
that would have resulted in two or three times 
higher fuel inventory. Reference 1 also states 
that molybdenum at an 8- to 12-mil interelec- 
trode spacing and niobium at a 2- to 4-mil 
spacing give comparable performance. 

Since recrystallization sets a maximum tem- 
perature limit of 1550°C for molybdenum, 
1450°C was chosen as a conservative design 
temperature for the cathode. The reference! 
states that a more detailed design program 
would probably allow for a higher value. 

The fuel tubes are welded into the upper grid, 
which also serves as a cesium plenum and as 
an electrically insulated chamber for making 
interelement electrical connections between the 
power-producing fuel elements. The cesium 
reservoir, supported several inches above the 
upper grid by three support rods, contains the 
cesium supply required by the thermionic diodes, 
which is carried from the top of the reservoir 
down to the upper grid by a tube. Each cesium 
reservoir contains a thermocouple, an electric 
heater, and the required electrical connections 
needed for control of the cesium pressure. 

The lower end of each fuel element is formed 
into an electrical receptacle that mates with a 
banana plug that projects from, but is electri- 
cally insulated from, the core support plate. 
Each banana plug is electrically connected to 
one of two (positive and negative) lead plates at- 
tached below the core support plate. Two fuel 
elements, serially connected, form individual 
circuits. Thus one of the two serially connected 
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fuel elements connects to one lead plate, and 
the other element connects to the electrically 
opposite lead plate. The lower ends of the ele- 
ments in one cluster are bound together by a 
tube structure for rigidity. A spacer tube is in- 
serted in the center of the cluster to distribute 
the coolant flow around the elements. These 
tubes will contain solid moderator or burnable 
poison, All the elements are separated from the 
spacer tube and from each other by spirally 
wound wire spacers located along the length of 
the elements, 

The fuel elements are grouped in clusters of 
five. Seven clusters are joined in a triangular 
pattern to a hexagonally shaped upper grid. This 
grouping forms a fuel bundle. No lower grids 
are used; therefore the clusters of each fuel 
bundle can be lowered into a pattern of holes in 
the solid moderator designed to accommodate 
them, An array of 32 such bundles, a 34-ele- 
ment bundle, and four control bundles, which 
contain six instead of seven fuel tube clusters, 
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comprise the 1274-fuel-element core. The fol- 
lowing is a summary of the fuel arrangement 


in the core. 


Number of thermionic modules (diodes) 


per fuel element 44 
Number of fuel elements per cluster 5 
Number of seven-cluster fuel bundles 

(35 fuel elements) 32 
Number of six-cluster fuel bundles 

(30 fuel elements) 4 
Number of 34-fuel-element bundles 1 
Total number of fuel elements 1274 
Total number of fuel bundles 37 


There is a positive and a negative lead plate 
for each fuel bundle. The 74 leads make a total 
of 37 individual circuits leaving the reactor, 
and each circuit nominally carries 1100 amp of 
direct current at 32 volts. The power leads from 
the lead plates are taken out along the bottom of 
the support plate to the pressure-vessel wall, 
and up the wall in a water-cooled aluminum bus 
that is located in the 2-in. annulus formed be- 
tween the core barrel and the pressure-vessel 
wall, to the two insulated pressure-vessel pene- 
trations. The water-cooled bus passes through 
the penetrations and terminates at the input 
terminals of the power converter. The latter is 
an acyclic motor —synchronous generator rated 
at 1350 kw (0.8 power factor) at 480 volts, 60 
cycles, 

Silicone rubber is used for a potting com- 
pound at the pressure-vessel electrical pene- 
trations, It is expected to perform satisfactorily 
because of the low radiation level and lowpres- 
sure, 

Eighteen revolvable drums (see Fig. X-4) in 
the reflector provide control for operation and 
scram, These drums are ganged in sets of 
three so that one drive mechanism can control 
a set of three drums, The drums are made of 
either solid beryllium or cans of BeO, witha 
1,- to *%%-in. thickness of Ag-Cd-In wrapped 
around 180° of the drum. The drums are lo- 
cated in reflector cutouts and are supported at 
the bottom by the moderator support plate and 
at the top by extensions from the core barrel. 


General Thermionic 
Considerations 


Reference 2 is a recent report on thermionic 
power generation which gives details of oper- 
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ating experience with practical thermionic con- 
verters as well as general principles. Figure 
X-5, from the reference, illustrates the sensi- 
tivity of the power output of a thermionic con- 
verter to the emitter-collector spacing, and 
Fig. X-6 illustrates comparisons between ideal 
converters and several thermionic converters 
developed to date. Above about 1800°K, for the 
case of a niobium emitter and a molybdenum 
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1. Efficiency of ideal converter including only radia- 
tion losses, emissivity 0.25 

2. Efficiency of ideal converter including only radia- 
tion losses, emissivity 0.33 

3. Calculated efficiency of molybdenum emitter con- 
verter, not including radiation from back of emit- 
ter — Thermo Electron Engineering Corp., private 
communication 

4. Calculated efficiency of tungsten emitter converter, 
not including radiation from back of emitter —V. C. 
Wilson and J. Lawrence, General Electric Company 
Scientific Report No. 3, Contract AF 19-(694)-5472, 
August 1960 

5. Measured efficiency of molybdenum emitter con- 
verter —N. S. Rasor, IAS Paper No. 61-72, Janu- 
ary 1961 

6. Measured efficiency of tantalum emitter converter 
—Thermo Electron Engineering Corp., private 
communication 


Fig. X-6 Thermal efficiency of thermionic conver- 
ters.” 
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collector, the maximum power output increases 
rapidly with decreasing interelectrode spacing 
(Fig. X-5), and the maintenance of small spac- 
ings has given rise to structural problems. The 
reference states that these problems currently 
limit the life of practical devices to about 1000 
hr, but it expresses confidence that the struc- 
tural problems will be solved after sufficient 
development work and that eventually the life of 
converters probably will be limited only by the 
corrosive effects of cesium and the evaporation 
of the emitter. The reference’ also presents 
concepts of several thermionic nuclear reac- 
tors and discusses the following problems: 


1. Diffusion of gaseous fission products into 
the cesium, and its effects on converter per- 
formance 

2. Metallurgical compatibility of emitter and 
nuclear fuel materials 

3, Extent and effects of distortion of emitter- 
clad fuel elements 

4, Corrosive effect of cesium on electrode 
materials 

5. Development of high-temperature electrical 
insulation metallurgically bondable to collector 
and structural materials 


Thermoelectric 
Power Supply 


Reference 3 gives a conceptual design for a 
200-watt reactor-powered thermoelectric power 
supply for space applications, It employs anun- 
shielded reactor that consists of a split sphere 
of pure U**? metal reflected by beryllium metal 
(Fig. X-7). U?°? was chosen over U*** because 
of its considerably lower critical mass (giving 
a lower total weight), and it was chosen over 
plutonium because of its higher melting point. 
The core, which transfers its heat to the beryl- 
lium reflector and cooling radiator by conduc- 
tion, operates with a central temperature of 
764°C and at a thermal power of 5 kw, as re- 
quired by the generator efficiency of 4%. Re- 
activity is controlled by varying the separation 
of the uranium hemispheres by means of the 
cleft in the complete unit, which is indicated in 
Fig. X-7. 

Lead telluride was chosen as the thermo- 
electric material because: “...there is, how- 
ever, Only one material, lead telluride, whichis 
truly operational from the standpoint of having 
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Fig. X-7 Conduction-cooled reactor system.? 


operated satisfactorily in power supplies and 
having fairly well-known operating limits and 
properties.”* The reference concludes that the 
final feasibility of the device is dependent on 
the radiation-damage effects to the thermoele- 
ments. It also concludes that the upper limit 
for the power level of the particular reactor 
discussed is the thermal-stress limit of the 
thermoelements. If the allowable temperature 
gradients in the thermoelements could be dou- 
bled, the power output could be doubled by the 
addition of a larger radiator. 
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LEGAL NOTICE 


This document was prepared under the sponsorship of the U.S. Atomic Energy Commission. Neither 
the United States, nor the Commission, nor any person acting on behalf of the Commission: 


A. Makes any warranty or representation, expressed or implied, with respect to the accurac 
completeness, or usefulness of the information contained in this report, or that the use of any ir 


formation, apparatus, method, or process disclosed in this report may not infringe privately owned 
rights; or 
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B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of 
any information, apparatus, method, or process disclosed in this report. 


As used in the above, ‘‘person acting on behalf of the Commission"’ includes any employee or 
contractor of the Commission, or employee of such contractor, to the extent that such employee or 
contractor of the Commission, or employee of such contractor prepares, disseminates, or provides 
access to, any information pursuant to his employment or contract with the Commission, or his em- 
ployment with such contractor, 


























